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Arabinoxylans comprise the majority of the dietary fiber (DF) found in corn and its co-
products, and these feed ingredients are commonly used in swine diets. Xylanase is a 
carbohydrase that hydrolyzes the β-(1-4) glycosidic bonds of arabinoxylan and may improve the 
utilization of DF. However, its efficacy in corn-based swine diets is quite variable but has shown 
to reduce finishing pig mortality in commercial settings. The variable efficacy of xylanase in 
pork production, and its unexpected health benefits, warrant greater understanding of its 
mechanism(s) of action (MOA). Therefore, the objective of this dissertation was to investigate 
and elucidate a MOA of xylanase in pigs fed corn-based DF. Research presented in Chapter 2 
observed xylanase partially mitigated the antinutritive effect of corn-based DF on performance 
and dietary energy but appeared to require a longer adaptation time than what is typically 
reported in the literature. Moreover, it was also found that xylanase improved antioxidant 
capacity, reduced oxidative stress, and enhanced gut barrier integrity. In Chapter 3, the influence 
of xylanase on the fermentability, digestibility, and physicochemical properties of corn-based DF 
was investigated. Xylanase markedly improved the fermentation of DF in the cecum, and 
increased the production of short chain fatty acids, particularly acetate. However, xylanase did 
not impact digesta viscosity in the large intestine. Using 16s rRNA sequencing, Chapter 4 
investigated the influence of xylanase on ileal digesta and mucosa microbiota, and Chapter 5 
characterized its impact on microbial taxa in cecal and colonic contents and mucosa. In the 
ileum, xylanase modulated beneficial microbial communities that are associated with increased 
acetate and butyrate production and improved gastrointestinal health. Further supporting the 
findings from Chapter 2. Within the ileum and large intestine, xylanase upregulated predicted 
gene counts for enzymes associated with arabinoxylan and arabinoxyloligosaccharides 
xvi 
degradation, pentose metabolism, and short chain fatty acid production. Collectively, Chapter 4 
and 5 revealed xylanase elicits a MOA improving the fermentation of fiber beyond its inherent 
action (stimbiotic MOA) and modulates a cross-feeding symbiotic metabolism of certain 
beneficial microbial communities that are known to confer a health benefit (prebiotic MOA). 
Chapter 6 investigated the efficacy of xylanase to mitigate the nutrient encapsulation effect of 
DF in the ileum by evaluating the digestibility of arabinoxylan components, structural 
topography of corn bran identified in digesta via scanning electron microscopy, and 
modifications to the chemical spectra of ileal digesta using Fourier-transform infrared 
spectroscopy. Research presented in Chapter 6 provide in vivo evidence of the notion that 
xylanase exposes trapped intracellular components to endogenous enzyme within the intestine. 
The purpose of Chapter 7 was to assess the impact of dietary adaptation time on the efficacy of 
xylanase in multiple gastrointestinal locations using a dual-cannulated pig model. The findings 
from Chapter 7 revealed xylanase improves fiber digestibility in the upper small intestine when 
given sufficient adaptation time (> 25 days). This may partially explain why increased adaption 
time improved growth performance in Chapter 2. Overall, research presented in this dissertation 
improved our understanding of the MOA of xylanase in pigs fed corn-based fiber and found 
increasing adaptation time may improve its efficacy.
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In 2019, more than one billion MT of corn was produced globally with the U.S. 
responsible for more than 30% of that supply. Naturally, most U.S. swine diets contain corn, 
many contain corn co-products, and pig production is concentrated where corn is produced most 
efficiently. Globally, corn is increasingly used in swine diets, but as with any feed ingredient, it 
is dependent on price, quality, availability, and accessibility within a region (Popp et al., 2016). 
Corn is an energy-dense cereal grain with a relatively consistent nutrient composition (NRC, 
2012) compared with wheat (Zijlstra et al. 1999) and barley (Fairbairn et al., 1999). Indeed, in 
the Americas, the economic and nutritional value of other cereal grains are often defined relative 
to corn. When corn prices are high, often a consequence of turbulent markets, reduced yields or 
increased demand for industrial purposes, nutritionists will seek alternatives to reduce feed cost. 
One such option is industrial co-products from the dry and wet milling of corn.  
A wide array of corn-based industrial co-products are produced, and corn distiller’s dried 
grains with solubles (DDGS), a by-product of dry-milled ethanol production, is the most 
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abundant (Shurson et al., 2012). Pigs are fed approximately 10% of the corn DDGS produced 
annually (Jayasinghe, 2017), and DDGS can effectively supply energy, amino acids and 
phosphorus (P). However, one disadvantage of formulating diets containing DDGS, and 
numerous other industrial co-products, is their high concentration of non-starch polysaccharides 
(NSP). In recent years, ethanol plants have increased the efficacy with which they extract oil 
from the solubles fraction, so that swine producers are now utilizing more reduced oil DDGS. 
Reduced oil DDGS contain less fat and greater NSP than conventional DDGS, and as such, 
contain less dietary energy (Li et al., 2017). Typically, corn-soybean meal-based diets contain 
between 7-10% neutral detergent fiber (NDF), but with every 5% addition of reduced oil DDGS 
in place of corn, dietary NDF will increase by approximately 1% (Acosta et al., 2020). 
Non-starch polysaccharides, or more simply called fiber, has taken on many definitions 
over the past century, but has been most recently defined in context for animal nutritionists by 
the Codex Alimentarius Committee (2010) ‘as those carbohydrate polymers with ten or more 
monomeric units which are not hydrolyzed by the endogenous enzymes nor absorbed in the small 
intestine.’ Indeed, pigs lack the endogenous carbohydrases needed to digest NSP and rely on 
microbial fermentation for NSP utilization (Varel and Yen, 1997), and corn-based NSP is poorly 
fermentable due to its insolubility (Gutierrez et al., 2013). Insoluble NSP is often touted as an 
antinutritive factor, as increased dietary insoluble NSP will decrease nutrient and energy 
digestibility, impact pig performance, and reduce carcass yield (Weber et al., 2015; Acosta et al., 
2020). However, utilizing exogenous carbohydrases may partially ameliorate these antinutritive 
effects.  
Carbohydrases have gained considerable popularity in the swine industry due to the 
proven efficacy in pig diets of phytase, another exogenous enzyme that is different in structure 
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but it releases otherwise undigestible phosphorus from phytate. In addition, carbohydrases offer 
consistent responses when used in poultry diets (Adeola and Cowieson, 2011). Carbohydrases 
are enzymes that catalyze the hydrolysis of carbohydrates, and in this context, NSP 
carbohydrases reduce the molecular weight of NSP by hydrolyzing a targeted type of NSP 
(Adeola and Cowesion, 2011). Arabinoxylans comprise nearly half of the NSP found in corn and 
corn DDGS (Jaworski et al., 2015), and thus, xylanase, a carbohydrase that hydrolyzes the β-(1-
4) glycosidic bonds of arabinoxylans, may mitigate the impact of corn-based NSP. However, the 
efficacy of xylanases when used in corn-based pig diets is highly variable. Quite often, xylanase 
will improve the energy and nutrient digestibility of corn-based diets, but this seldom translates 
into an improvement in growth performance (Torres-Pitarch et al., 2019). Interestingly, increases 
in markers of improved health and reduced finishing pig mortality are often observed with 
xylanase supplementation (Zier-Rush et al., 2016).  
There has been a large investment in research with xylanase in corn-based diets in the 
past decade. Still, the responses observed vary considerably and the in vivo mechanism(s) of 
action (MOA) of xylanase in the presence of corn-based NSP is(are) not yet fully elucidated. 
This review will explore the role of xylanase in corn-based swine diets, discuss responses 
observed when xylanase is supplemented in the presence of corn-based fiber, suggest the 
potential MOA of xylanase, and identify critical gaps in our current knowledge.   
Composition of Corn, Corn Co-products, and Corn-based Fiber 
To recognize the role of xylanase in corn-based diets, it is pertinent to understand the 
composition of corn, corn co-products, and corn-based NSP, and to appreciate their influence on 
diet formulation and gastrointestinal physiology. Corn is a non-viscous cereal grain comprised of 
approximately 6% bran, 11% germ, and 83% endosperm (Hopkins et al., 1974). The endosperm 
consists mostly of starch with some structural proteins, the germ contains mainly ether extract, 
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and the bran is predominately NSP (Bach Knudsen, 2014). Accordingly, the nutritional 
composition of corn is mostly starch, with lower levels of ether extract, protein, and NSP. The 
composition of corn makes it an excellent source of energy since the metabolic efficiency of 
glucose, the monomer that comprises starch, is quite high at 0.78 (Patience, 2012). Interestingly, 
the digestible energy content of corn varies by about 3% (NRC, 2012). This is likely due to the 
variation in fermentability of NSP among corn samples, even though the contribution of corn 
NSP to dietary energy is quite small (Petry et al., 2019).  
The high starch content in corn explains its attraction by ethanol producers, and 
subsequently, the reason co-products of ethanol production are low in starch (Table 1). 
Comparatively, co-products produced from the wet or dry milling of corn differ in their 
composition and nutritive value, but compared to the parent grain, most have increased crude 
protein (CP), fat, minerals, and fiber (Shurson et al., 2012). Discussing the nutrient composition 
among the vast array of corn co-products is outside the scope of this review— readers are 
referred to Zijlstra and Beltrana (2008) and Gutierrez et al. (2014) - and discussion will be 
limited to corn DDGS because it is by far the most common corn co-product used in practical pig 
feeding programs. Within DDGS, there is considerable compositional variability. For example, 
Zeng et al., (2017) reported the coefficients of variation for CP (n=90), NDF (n=90), ash (n=46) 
and crude fat (n=38) in corn DDGS were 9%, 13%, 25%, and 36%, respectively. This is likely a 
result of the processes used to extract ethanol by a given plant, and not necessarily the region in 
which the DDGS is sourced (Stein et al., 2009; Pedersen et al., 2014). Nonetheless, in general, 
reduced oil DDGS contains 210%, 234%, 235% and 156% more ash, NDF, CP, and ether extract 




When reduced oil DDGS are included in diet formulations at the expense of corn, 
nutrient composition will change, along with net energy (NE; Patience and Petry, 2019). This 
can be visualized by estimating the NE content and composition of NE of the constant ingredient 
formulation in a study by Acosta et al., (2020). In this study, for every 15% increase in reduced-
oil-corn DDGS included at the expense of corn, dietary acid-hydrolyzed ether extract increased 
by nearly 17%, NDF increased by 34.2%, CP increased by 27%, and starch decreased by 20% 
(Fig. 1-A), and estimated NE decreased by 83 kcal/kg, or 3.5% (Fig.1-B). Similarly, with 
increasing levels of reduced oil DDGS, the contribution of fat, fiber, and protein to NE will 
increase, and the contribution of simple carbohydrates will decrease (Fig.1-C). Further, when 
these components are regressed in relationship to increasing levels of reduced oil DDGS, for 
every 1% of corn replaced by reduced oil corn DDGS, the amount of NE coming from fat, CP, 
and fiber increases by 0.1%, 0.3%, 0.02%, respectively, but the amount of NE coming from 
simple carbohydrates decreases by 0.44%.  
The pig will utilize these four components – fat, CP, fiber and starch – for energy with 
varying metabolic efficiencies, and it is well supported that the least efficient of them is fiber. 
The fermentation of NSP contributes about 30% less energy compared to enzymatically digested 
carbohydrates (Noblet and Le Goff, 2001; Patience, 2012). In Fig 1-C, there is a nearly 3-fold 
increase in the contribution of fiber to energy from 0% DDGS inclusion to 45%, but the relative 
contribution of fiber to energy is quite small, less than 5%. These inefficiencies are largely 
attributed to the increased energetic cost of ingestion, digestion, fermentation, and metabolism of 
NSP, and the subsequent effects of fiber on the maintenance energy requirement of the pig 
(Noblet and Le Goff, 2001; Agyekum and Nyachoti, 2017). Even the slightest alteration in 
dietary energy can be costly to a producer, as it affects nearly every performance metric, and 
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meeting the specification for dietary energy accounts for more than 60% of the input cost of 
raising one pig to market (Beaulieu et al., 2009; Patience, 2017). Thus, if xylanase can improve 
either the overall contribution of corn-based fiber to net energy, it would have considerable value 
to the swine industry. Moreover, if xylanase promotes the intestinal absorption of 
monosaccharides, rather than microbial fermentation, it could improve the metabolic efficiency 
by which the pig utilizes fiber for energy.  
In addition to fiber source, the type and concentration of fiber within a diet needs to be 
considered when using exogenous carbohydrases. Due to the complexity of the chemistry of 
dietary fiber, in practical terms, it is defined by the analytical method used to quantify it. There 
are several methods for analyzing dietary fiber, and the total NSP, NDF, acid detergent fiber 
(ADF), and total dietary fiber (TDF) content of corn and 11 corn co-products have been 
summarized in Table 1. Of these fiber analyses, TDF is the most encompassing, and arguably the 
most accurate, as it measures both insoluble and soluble dietary fibers (SDF; Fahey et al., 2019). 
However, the SDF concentration of corn is less than 0.5%, and in corn co-products, it is 
generally less than 1.5% (Navarro et al., 2018; Abelilla and Stein, 2019b). As such, the detergent 
system (NDF and ADF) created by Van Soest (1963), is a suitable indicator of the fiber 
concentration of corn and corn co-products as it measures the insoluble fiber fraction, but there 
are analytical limitations (Fahey et al., 2019). This is apparent when comparing the NDF and 
TDF values in Table 1. The detergent system does not capture SDF, and in the TDF analysis, an 
analyte is corrected for ash and protein residues, while NDF is not. This is likely why NDF is 
higher than TDF in the co-products with higher protein and ash concentrations. The total NSP 
analysis proposed by Englyst et al., (1994)  gives insight into fiber types within a feed ingredient, 
when the individual monomeric components are measured using chromatography, but this 
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methodology consistently underestimates fiber, relative to TDF, and is not a methodology 
approved by the Association of Official Analytical Collaboration (AOAC) International. 
Corn DDGS has nearly 3 times the TDF and NDF content of corn, and corn bran and 
corn germ meal almost 4 times (Table 1); not surprisingly, the composition of that fiber is quite 
similar. The NSP in corn and corn DDGS is composed of approximately 49% arabinoxylans, 22-
23% cellulose, and the remaining 28-30% is a mixture of other hemicelluloses such as mixed-b-
glucans, and b-mannans (Bach Knudsen, 2014; Jaworski et al., 2015). Although less than 2% of 
the total NSP composition, the b-mannan content in corn DDGS is substantially greater than 
corn, and this is likely a result of the presence of residual yeast from ethanol production 
(Pedersen et al., 2014; Shurson, 2018). Corn also contains about 1.5% resistant starch that can be 
rapidly fermented in the large intestine of the pig (Bird et al., 2007); corn DDGS contains 
between 3-14% residual starch that escapes fermentation to ethanol, and is mostly resistant starch 
types 1 and 2 (Li et al. 2014; Pedersen et al., 2014).  
These NSP also have viscosity, hydration, and cation exchange properties (Kritchevsky, 
1988). They can influence gastrointestinal physiology by altering digesta transit time, increasing 
endogenous losses, modulating microbial activity, reducing nutrient digestibility, and impeding 
nutrient uptake (Blackwood et al., 2000). Relative to sugar beet pulp, a feed ingredient with 3 to 
4 times the amount of SDF, corn and corn DDGS have less swelling and water binding capacity, 
and lower viscosity (Navarro et al., 2018). Moreover, due to its low solubility, corn NSP 
possesses invariant exchange properties that can hinder calcium uptake in the small intestine 
(Laszlo et al., 1992). However, physicochemical properties may not always be indicative of a 
given physiological response (Gidley and Yakubov, 2019). For example, it is often stated that 
insoluble NSP is poorly fermentable; while this is the case for corn-based feedstuffs, NSP 
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stemming from pea hulls are insoluble, but readily fermentable (Jha and Leterme, 2012; 
Gutierrez et al., 2013). If xylanase hydrolyzes corn NSP, it could potentially alter its 
physicochemical properties, and as such, may mitigate its impact on digestive physiology. The 
attenuation of digesta viscosity from feeding viscous cereal grains is the hallmark of the success 
of xylanase in the poultry industry (Raza et al., 2019), but its efficacy in viscous swine diets is 
less consistent (Patience et al., 1992; Laerke et al., 2015).  
Xylans are the target substrate of xylanase. They are composed of a D-xylose backbone 
linked by β-(1-4) glycosidic bonds in a linear or branched form, and are frequently substituted 
with other monosaccharides, phenolic compounds, and short chain fatty acids (Cummings and 
Stephen, 2007). Arabinoxylan is the dominant xylan found in corn and corn co-products, with 
the majority being concentrated in the bran, and far less in the endosperm. This is apparent when 
comparing the arabinoxylan content in dehulled and degermed corn (8 g/kg) versus corn bran 
(221 g/kg), and logically, corn-based feed ingredients with increased NDF and TDF have 
increased arabinoxylan concentrations (Table 1). There is certainly opportunity to improve the 
utilization of arabinoxylan from corn; for example, Gutierrez et al. (2014) concluded that across 
9 corn co-products, their arabinoxylan concentration best explained the variance in the apparent 
ileal digestibility (AID) of gross energy (GE) and dry matter (DM), and NSP xylose 
concentration also best explained the variance in the apparent total tract digestibility (ATTD) of 
GE, DM, and NDF. 
As the name suggests, arabinoxylans are highly substituted with L-arabinose, and up to 
85% of the xylose monomers in corn bran are substituted with various residues and the majority 
are arabinose side chains linked by α-(1-2) or α-(1-3) glycosidic bonds (Chanliaud et al., 1995). 
Additionally, galactose and glucuronic acid can form glycosidic bonds to the xylose backbone, 
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and acetic acid can also directly esterify to the main chain of corn-based arabinoxylans and 
accounts for approximately 4% of the dry weight of corn bran (Saulnier et al., 1995). To 
complicate things further, almost 40% of the arabinose substitutions in corn-based arabinoxylans 
are non-terminal, and contain glycosidic linkages to other arabinoses, xyloses, or galactose units, 
or are esterified to hydrocinnamic acids (Chanliaud et al., 1995). The most commonly substituted 
hydrocinnamic acid in corn-based arabinoxylans is ferulic acid;  p-coumaric is also present, but 
to a lesser degree (Saulnier et al., 1995). Moreover, corn based arabinoxylans can be cross linked 
through dehydrodiferulate or dehydrotriferulate ester bridges formed between the arabinose-
ferulic acid complexes (Saulnier et al., 1995). 
These aforementioned structural complexities contribute to the insolubility of corn-based 
arabinoxylans within the gastrointestinal tract, but their fermentability is not necessarily 
dependent on solubility. However, due to the degree of interaction of corn arabinoxylans with 
other plant components, increased phenolic cross linkages, arabinose substitutions, and 
lignification, it is also poorly fermented by resident microbiota (Bach Knudsen, 2014). The ratio 
of arabinose to xylose (A:X) is used as an indicator of arabinoxylan solubility, as a higher A:X 
would indicate greater arabinose substitution. For example, compared to corn, the arabinoxylans 
in wheat and rye are considerably more soluble and viscous, and their A:X range between 0.57 to 
0.7 (Laerke et al., 2015; Buksa et al., 2016), whereas the A:X ratio for corn is 0.81 (Table 1). 
Similarly, the A:X of wheat DDGS is 0.68, and corn DDGS ranges between 0.77 and 0.83 
(Pedersen et al., 2014; Table 1). Interestingly, though, the ratio of A:X in corn bran is similar to 
that of rye and wheat, yet the fermentation of corn bran is quite poor in the pig (Gutierrez et al., 
2013). This is likely due to the increased lignification in corn bran (Akin and Rigsby, 2007). 
Interestingly, corn bran appears to be susceptible to xylanase in the pig (Petry et al., 2020b). 
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Moreover, the structure of arabinoxylan is often described and portrayed in a linear 
unidimensional fashion, but the reality is the more substituted and complex arabinoxylans, like 
those in corn, form complex 3-dimensional structures that are intertwined with other components 
in the plant cell wall (Jeremic et al., 2014). In total, these structural complexities pose challenges 
with utilizing exogenous xylanase, but nevertheless, reports of positive responses exist when 
xylanase is supplemented in diets containing corn-based fiber (Torres-Pitarch et al., 2019). 
Xylanase and Corn-based Fiber 
The complete saccharification of corn-based arabinoxylan requires nine enzymes. 
Endoxylanases (i.e. xylanase) are needed to hydrolyze the β-1,4-glycosidic bonds of the main 
chain; several de-branching enzymes, α-arabinofuranosidases, α-arabinofuranohydrolases, α-
glucuronidases, α-galacturonidases, and acetyl xylan esterases, are needed to hydrolyze the side 
chains; β-D-xylosidase is needed to release xylose for the various oligomers produced; and 
ferulic and p-coumaric acid esterases are required to release phenolics esterified to arabinose 
(Dodd and Cann, 2009, Stein, 2019). However, the complete in vivo saccharification of 
arabinoxylan is likely implausible, nor worth the return on investment, due to the vast array of 
technologies and advancements needed to produce these enzymes in sufficient quantities with 
proven efficacies to tolerate the conditions of the gastrointestinal tract (Bedford, 2019). 
Nonetheless, some of these ‘accessory’ enzymes are found in commercially available xylanases, 
as many are produced from the various microorganisms that produce xylanase, but by and large, 
endoxylanase is the most readily available commercial carbohydrase that targets arabinoxylans. 
Xylanase is a glycoside hydrolase (GH), and of the 166 GH characterized, 9 GH families 
are associated with xylanases, six of which have a single catalytic domain and three have two 
catalytic domains (Carbohydrate Active Enzymes Database; Lombard et al., 2013). The majority 
of xylanase research in animal nutrition has focused on GH families 10 and 11, which possess 
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single catalytic domains. Pedersen et al., (2015), found that GH 10 xylanases are more efficient 
in degrading corn DDGS arabinoxylan than GH 11. Xylanase is produced by a variety of 
microorganisms, and commercially available exogenous xylanases are predominantly produced 
from bacteria or filamentous fungi (Bhardwaj et al., 2019). There is a dearth of studies 
comparing the efficacy of varying sources and types of xylanase when supplemented with corn-
based fiber in the pig. However, a study by Ndou et al., (2015) evaluated 5 mono-component 
xylanases from different microbial origins and preparations in a diet composed of corn and corn 
DDGS. The authors reported that xylanase from Fusarium verticilloide improved average daily 
gain (ADG) and feed efficiency (G:F) but they found no improvements in growth performance 
when using xylanase prepared from Aspergillus clavatas, Bacillus subtilis, or two from 
Trichoderma reesei. Interestingly, Ndou et al., (2015), in a separate digestibility experiment, 
observed improvements in the AID of NSP and arabinoxylan from all xylanase sources except 
Bacillus subtilis.  
The Paradigm among Digestibility, Growth Performance, and Health Responses in Pigs 
Fed Xylanase 
The absence of a performance response but improved fiber digestibility observed by 
Ndou et al., (2015), is not abnormal (Passos et al., 2015; Yang et al., 2016). In theory, 
supplementing xylanase in corn-based swine diets should improve nutrient and energy 
digestibility, and subsequently growth performance (Patience, 2012). A meta-analysis of 67 
studies with various diet compositions conducted by Torres-Pitarch et al. (2019) concluded that 
irrespective of diet composition, xylanase improved the ATTD of DM, GE, and CP, but growth 
performance responses were not observed as frequently. For the purposes of this review, a 
targeted literature search was conducted using Google Scholar and EBSCO from 2000 to July 
2020 for digestibility and growth performance studies that met the following criteria: 
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a. Results were published in a non-predatory peer-reviewed journal 
b. The study evaluated xylanase as the sole carbohydrase in at least one dietary 
treatment  
c. Corn grain and/or corn co-products were the only cereal source within the diet  
d. The study included a control diet of similar formulation to the diet with xylanase 
A total of 19 publications met the search criteria. Among the growth performance 
observations within these studies, 33% and 26% of the time xylanase improved ADG and G:F, 
respectively, but no improvements in average daily feed intake were reported (Figure 2). 
Xylanase improved the AID and ATTD of ‘fiber’ (NSP, TDF, or NDF), 61% and 50% of the 
time, respectively. It should also be noted, this search did not include the surfeit of studies that 
go unreported due to a lack of or a negative response. There is a lack of empirical understanding 
on why this dearth of performance responses exist, nor are there any clear obvious trends that 
separate those reporting improved performance versus those that did not.  
A variety of experimental designs, diet formulation strategies, enzyme doses, xylanase 
sources, fiber analyses, samples sizes, and stages of production existed among these studies. 
However, if one looks past this variability, there is some evidence to suggest that adaptation time 
may play a role in xylanase efficacy. A study by Petry et al., (2020b) found xylanase improved 
ADG and G:F in pigs fed a corn-based diet with 30% corn bran without solubles after 14 d of 
supplementation and these metrics were even greater after d 27. This work is in agreement with 
Fang et al. (2007), Myers and Patience (2014), and Lan et al., (2017), who found xylanase 
improved performance in later phases of supplementation in pigs fed largely corn-based diets. 
Conversely, work by Ndou et al. (2015) and Kerr et al. (2013) observed no improvements in 
performance among 7 xylanase sources supplemented for greater than 30 days. This variability in 
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both methods and responses among these studies indicates there is a need for more robust and 
standardized evaluation of exogenous enzymes, much like what has been proposed for the study 
of alternatives to antibiotic growth promoters (Olsen et al., 2018). 
Although more than half of the studies reported an improvement in fiber digestibility, 
when compared to studies using wheat-based diets, digestibility responses in pigs fed corn-based 
diets are still less common (Torres-Pitarch et al., 2019). When xylanase is ineffective, it is often 
suggested that corn arabinoxylan is recalcitrant to enzymatic hydrolysis because of its structural 
complexity and subsequent insolubility. However, the number of studies that report improved 
fiber digestibility, and the magnitude of those responses, certainly indicate xylanase is likely 
hydrolyzing fiber directly, or indirectly through microbiota modulation. Moreover, there is 
considerable in vitro work that confirms xylanase’s ability to hydrolyze corn-based 
arabinoxylans into soluble, more fermentable fractions (Pedersen et al., 2015; Kiarie et al., 
2016), but in vitro conditions may not always translate well to that which exists in vivo. Similar 
to the performance observations, enzyme adaptation may play a role in the efficacy of xylanase 
to improve digestibility, particularly in the upper small intestine. A recent study suggested 25 d 
of adaptation were required for xylanase to improve fiber and energy digestibility in the upper 
small intestine (medial jejunum—292 ± 12 cm distal to the pyloric sphincter) of growing pigs 
fed insoluble corn fiber, but responses across the total tract were observed after 7 d of adaptation 
(Petry et al., 2020a). Perhaps, this upper small intestine adaptation to arabinoxylan hydrolysis 
may partially explain the discrepancies between performance and digestibility responses. 
Digestibility studies often implement adaptation periods of less than 10 d, and minimal research 
has been conducted in the upper small intestine. Further research is clearly warranted to 
understand the role of adaptation and xylanase efficacy in corn-based diets. 
14 
 
While the original intent of using xylanase was to improve performance through 
increasing fiber utilization, today an increasingly common justification is its ability to reduce 
grow-finish pig mortality. It has been reported that supplementing xylanase can increase the net 
live margin per pig started by up to $2.51 USD in one production system, largely due to the 
improvements in mortality (Zier-Rush et al., 2016). Reductions in mortality have also been 
observed among several commercially available xylanases in different production systems with 
varying health statuses and diet compositions (Zier-Rush et al., 2016; Beckers, 2017). 
Economically, relative to improving feed efficiency by 2 points, reducing wean to finish 
mortality from 4% to 2.4%, as observed by Zier-Rush et al., (2016), is nearly 4 times more 
profitable. Moreover, recent research in corn-based diets has suggested xylanase may improve 
pig health through altering intestinal morphology (Duarte et al., 2019; Chen et al., 2020), 
increasing gut barrier integrity (Tiwari et al., 2018; Petry et al., 2020b), altering immune function 
(Chen et al., 2020), and mitigating localized and systemic oxidative stress (Duarte et al., 2019; 
Petry et al., 2020b). The efficacy of xylanase to improve pig health and reduce mortality is 
clearly an added, and until recently unexpected, benefit of using this enzyme. As the pork 
industry transitions to reduce in-feed antibiotic usage, the role of xylanase in this regard may be 
enhanced (Melo-Duran et al., 2019). Further, it is apparent that understanding the in vivo MOA 
of xylanase is imperative to eliciting more consistent and synergistic responses in pig production, 
understanding its true role in diet formulation, and maximizing its efficacy in U.S. swine diets. 
The Mode of Action of Xylanase in Pigs 
Xylanase Releases Mono and Oligosaccharides  
Logically, xylanase likely hydrolyzes arabinoxylan into lower molecular weight 
fragments that can be either absorbed or fermented in the gut (Adeola and Cowieson, 2011). 
Certainly, the improvements in fiber digestibility imply this, particularly the digestibility of 
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arabinoxylan, but direct quantification of these products has not been conducted in pigs fed corn-
based diets. Recent work by Tiwari et al., (2018) suggests that xylanase supplemented in a corn-
based diet increased soluble NSP production in the ileum, and this is possibly a result of soluble 
arabinoxylan fragments released from the insoluble arabinoxylans found in corn (Pedersen et al., 
2015). However, the composition of these soluble arabinoxylan fragments, and the efficiency by 
which the pig utilizes them, remains poorly understood.  
Characterizing the release products of xylanase, in vivo, is enormously challenging both 
analytically and from an experimental design perspective. Arabino-xylooligosaccharides 
(AXOS) with varying degrees of polymerization are the most plausible release products of 
xylanase, and this has been confirmed in pigs fed wheat, rye, and wheat DDGS (Laerke et al., 
2015; Pedersen et al., 2015). However, there are a plethora of potential release products, 
depending on the composition of the initial arabinoxylan substrate; because of the 
aforementioned complexity of corn-based arabinoxylan, the potential oligomers produced in vivo 
are exponentially more complex and difficult to isolate. The less substituted oligomers can be 
semi-quantitively characterized using various chromatographic techniques, and these 
methodologies are advancing considerably due to the interest in prebiotics among various 
industries (Alyassin and Campbell et al., 2019). It is plausible that in the near future, these 
analyses will be more routine and quantitative in nature, thus allowing insight into what is 
released by xylanase in vivo. In addition to the analytical challenges, many of the potential 
release products are rapidly metabolized by gastrointestinal microbiota, and as such, 
understanding microbial metabolites could be pertinent to understanding the in vivo release 




Differentiating the composition of the release products from xylanase is imperative to 
determining the efficiency by which the pig utilizes them for energy. Generally, energy derived 
from carbohydrate fermentation is metabolically less efficient relative to direct metabolism of 
monosaccharides, and this is certainly the case for glucose. Conversely, it is unclear if the 
energetic efficiency of xylose would be greater if fermented (Huntley and Patience, 2018; 
Abelilla and Stein, 2019a). A study by Laerke et al., (2015) found xylanase increased the xylose 
concentration in the liquid phase of ileal digesta from pigs fed wheat by nearly 4-fold, but not in 
pigs fed rye. Moreover, an increase in urine GE in pigs fed corn bran with xylanase 
supplementation was observed by Petry et al., (2020b); this is perhaps indicative of xylose 
absorption as it has been reported that free xylose increases urine GE due to excretion of xylose 
itself or threitol (Huntley and Patience, 2018). There is a dearth of in vivo evidence to support 
xylose release from corn-based arabinoxylan by xylanase, and in vitro research would suggest it 
is quite marginal (Dale et al., 2019). This lack of discernment in xylanase’s release products is a 
bottle neck for fully elucidating the MOA of xylanase in pigs fed corn-based fiber and could aid 
in understanding the commonly observed misalignment between digestibility and performance. 
However, the plausibility of xylanase hydrolyzing corn-based arabinoxylan to some degree is 
logical, and well supported by in vitro research. Moreover, the subsequently discussed MOAs are 
dependent on xylanase hydrolyzing arabinoxylan to some degree.  
Xylanase Mitigates the Impact of NSP Physicochemical Properties  
It is well established in poultry that xylanase mitigates the impact of viscous cereal grains 
on the viscosity of intestinal contents by hydrolyzing soluble arabinoxylans (Raza et al., 2019). 
Viscous polysaccharides form gels in intestinal digesta, consequentially increasing digesta 
viscosity and reducing nutrient digestibility by decreasing lipid emulsification and preventing the 
interaction of nutrients with the intestinal brush border (Dikeman and Fahey, 2006). However, 
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corn-based diets are largely insoluble and non-viscous, and as such, likely have limited impact 
on digesta viscosity (Navarro et al., 2018). Moreover, work by Hooda et al., (2011) suggested a 
moderately positive relationship between increased digesta viscosity and the AID of GE in pigs, 
likely due to increased mean retention time, and lower viscosity in pigs (Lee et al., 2010; He et 
al., 2020). Potentially, the impact of digesta viscosity on nutrient digestibility is less pertinent in 
swine compared to poultry, and even more so in diets with non-viscous feed ingredients. 
However, there is evidence to imply xylanase does reduce jejunal digesta viscosity in 
pigs fed corn-based diets (Tiwari et al., 2018; Duarte et al., 2019 Chen et al., 2020), but others 
have found no impact on jejunal digesta viscosity (He et al., 2020). Moreover, a quadratic 
relationship on stomach and jejunal digesta with increasing xylanase supplementation levels in 
corn-based diets have been observed (Passos et al., 2015; He et al., 2020). These studies 
demonstrated at intermediate supplementation that the viscosity of digesta is decreased, but at 
greater levels it is increased, relative to no inclusion. Perhaps, increased soluble NSP production 
from xylanase hydrolysis of insoluble corn-based arabinoxylans may have indirectly increased 
viscosity at a greater supplementation level. Moreover, it should be noted that these studies 
measured viscosity of the digesta supernatant and only at one or two shear rates. Intestinal 
digesta displays pseudoplastic shear thinning behavior, and as such, when the shear rate of the 
viscometer increases, viscosity decreases (Dikeman and Fahey, 2006). Therefore, measuring 
digesta viscosity at one or two shear rates may inadequately portray the influence of xylanase. 
Similarly, measuring the viscosity of digesta supernatant is not directly indicative of the 





the solid particles in pig cecal digesta is largely responsible for its rheological properties. Further 
research is warranted to determine the impact of xylanase on the rheological properties of whole 
digesta from pigs fed corn-based fiber.  
Xylanase Releases Trapped Nutrients 
Arabinoxylans are an integral component of the plant cell-wall structure, and particularly 
in cereal grains, they create architecture around starch and protein granules within the aleurone. 
This is often referred to as the nutrient encapsulation, or caging, effect of NSP. One conceivable 
MOA of xylanase is that it can disrupt this structural architecture, through arabinoxylan 
hydrolyzation, and in turn, expose stored starch and protein granules to endogenous enzymes and 
microbial fermentation (Bedford and Schulze, 1998; deLange et al., 2010). The improvements in 
the digestibility of unexpected dietary components, such as starch, CP, and various minerals and 
amino acids, with xylanase supplementation support this MOA. However, these digestibility 
responses are inconsistent in pigs fed corn-based diets (Kerr et al., 2013; Passos et al., 2015), and 
digestibility metrics provide no discernment if it is due to the enzyme, or modulation of the 
microbiome. Conversely, there is considerable in vitro microscopic evidence to support this 
MOA (Le et al., 2013; Jha et.al, 2015; Ravn et.al, 2016), but minimal work has been conducted 
in corn-based feed ingredients or in vivo. Indeed, the nutritional and economic value of xylanase 
is amplified if the caging effect of NSP can be consistently mitigated in vivo; further research is 
needed to confirm this MOA in corn-based diets. Where this mitigation occurs is also of 
importance, as released starch is of more value if released in the small intestine, and amino acids 
released in the hindgut serve virtually no value to pig. In the future, for swine nutritionists to 
have confidence in a potential nutrient release value of xylanase, considerable quantitative 
research is needed in this area. Employing more advanced quantitative microscopy 
methodologies, like those described by Bourlieu et al., (2020), would be warranted. However, 
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relative to the economics of reducing mortality, pursuing a nutrient matrix release value for 
xylanase would likely provide minimal to no return on investment due to the capital-intensive 
research required, and marginal payoff in terms of increased nutrient availability.  
Xylanase Modulates Gastrointestinal Microbiota to improve Pig Health 
 Recently, there has been an increase in the evidence supporting xylanase 
supplementation for purposes that extend beyond the logical improvement in fiber utilization. 
The aforementioned reductions in mortality is one of the more consistent responses observed 
commercially with this enzyme, and recent research suggest xylanase likely modulates intestinal 
health through mechanisms that improve gut barrier integrity, mitigate oxidative stress, and alter 
immune function (Li et al., 2018; Duarte et al., 2019; Petry et al., 2020b). These improvements 
observed in the systemic and gut health of the pig are most plausibly a result of the interplay 
between xylanase and the microbiome. Moreover, with the recent improvements in both 
availability and cost of culture-independent next generation sequencing technologies, the 
interplay between the microbiome and nutrition has gained greater importance. The MOA for 
how xylanase modulates gastrointestinal microbiota is multifactorial, and the magnitude of 
microbial modulation differs among these MOA. 
Certainly, the improvements in the AID of nutrients, through either the mitigation of 
increased digesta viscosity or the caging effect of NSP, can have an impact on gastrointestinal 
microbiota. Through these MOA, xylanase could decrease the quantity of undigested substrates 
in ileal digesta, and as such, alter substrate composition accessible to large intestine microbiota. 
Thus, xylanase may partially ameliorate substrate competition among the host and microbiota, 
and potentially reduce the colonization of pathogenic bacteria through microbial starvation 
(Bedford and Cowieson, 2012). Moreover, if protein fermentation is partially mitigated through 
increased utilization in the upper gut, this would be beneficial by reducing the production of 
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branched-chain fatty acids and protein fermentation products, both which can hinder microbial 
diversity (Peng et.al, 2017). In contrast, if xylanase improves protein accessibility in the hindgut 
through the nutrient release MOA, it has the potential to exacerbate the effects of protein 
fermentation. However, the more plausible and direct MOA for modulation of the microbiome is 
the “prebiotic” or “stimbiotic” effect of the released AXOS from hydrolyzation of arabinoxylan. 
In-situ AXOS production has the potential to modulate gastrointestinal microbiota through 
exerting prebiotic like effects in the gut that improves intestinal barrier function and integrity and 
invokes an immunostimulatory response by the gut associated lymphoid tissue (Tiwari et al., 
2020). Moreover, these oligomers can act as a stimbiotic that stimulates luminal conditions to 
favor the proliferation of microbiota that degrade arabinoxylan more efficiently and are generally 
‘beneficial’ in nature (Bedford, 2018; Bautil et al., 2020).  
If xylanase is effective in modulating microbial ecology to favor corn-based arabinoxylan 
fermentation, this would not only be beneficial in terms of capturing a greater amount of energy 
from a highly insoluble and poorly fermentable fiber source but potentially improving 
gastrointestinal health through the stimulatory effects of short chain fatty acids (Bach Knudsen 
et.al, 2018). Indeed, a carbohydrase blend containing xylanase demonstrated positive effects in 
controlling post-weaning colibacillosis and modulating the microbiome (Li et al., 2019; Li et al., 
2020). A recent study by Luise et al. (2020) observed xylanase tended to increase jejunal villi 
height and upregulate Lactobacillus reuteri in nursery pigs challenged with enterotoxigenic 
Escherichia coli and fed corn-based diets. This MOA could also partially explain why xylanase 
improved diversity and altered microbiota ecology in the large intestine of pigs fed corn-based 
feed ingredients (Zhang et. al, 2017; Zhang et. al, 2018). Likewise, the observations that 
xylanase mitigates oxidative stress in pigs fed corn-based diets observed by Duarte et al., (2019) 
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and Petry et al., (2020b) may be partially explained through this MOA. As discussed previously, 
corn arabinoxylan is highly substituted with ferulic acid, and this phenolic compound is a robust 
antioxidant that is efficient in mitigating free radicals, increasing anti-oxidase production, and 
hindering enzymes that produce excess free radicals (Ogiwara et al., 2002). However, ferulic 
acid bioavailability is low, but in vitro evidence suggest xylanase can improve its bioavailability 
by releasing feruloylated AXOS, and in turn, ferulic acid could be released by microbial ferulic 
acid esterase (Mathew and Abraham, 2004). Still, this has yet to be confirmed in vivo in the pig. 
However, these improvements in various aspects of gastrointestinal structure and function 
warrants further investigation into this MOA. Moreover, there is a paucity of studies 
investigating gastrointestinal microbiota composition and phenotypic responses in pigs fed corn-
based diets. 
Future Considerations and Conclusions 
 Supplementing xylanase emerged in an effort to ameliorate the antinutritional effects of 
NSP, and in corn-based swine diets, there is certainly ample substrate and opportunity to 
improve the energetic contribution of fiber. However, its efficacy to improve fiber utilization and 
pig performance is variable and still poorly understood. Interestingly though, unexpected health 
benefits are often observed when including xylanase in diet formulations. Indeed, there have 
been considerable advancements in understanding why a fiber degrading enzyme could improve 
pig livability, but there is little empirical understanding of why digestibility and performance 
responses are misaligned. Even a brief review of the literature would indicate this may be a 
product of variable experimental conditions and designs and indicates there is a need for more 
robust and standardized research protocols in carbohydrase research. Recently, adaptation time 




Although research on adaptation time is in its infancy, there is considerable evidence to suggest 
previous studies could have faltered due to inadequate adaptation periods. 
 Moreover, it is increasingly apparent that elucidating the in vivo MOA of xylanase in pigs 
fed corn-based swine diets is warranted to improve its use in swine diets. If the MOA is correctly 
determined and robustly tested, swine nutritionists will be able to make informed decisions about 
the proper utilization of xylanase and will be more confident in achieving consistent and 
economically valuable phenotypic outcomes. By the same token, the desired phenotypic outcome 
from xylanase may need to be revaluated. Certainly, an improvement in ADG or G:F can be 
valuable to a producer, but as it stands, these responses are not yet consistent in commercial 
situations, whereas improving pig livability appears to be a more common occurrence. 
Economically, there is certainly an upside to improving the proportion of full value market 
swine, if market conditions favorite it.  
 Several potential MOA for xylanase have been proposed over the years, and in the 
context of corn-based diets, several are plausible, and as with many feed additives, it is likely 
multifactorial. The modulation of the microbiome through a stimbiotic mechanism, while the 
least studied, has the potential to provide the greatest return on investment. The mitigation of 
increased digesta viscosity by xylanase likely has the least value and plausibility as corn-based 
diets are non-viscous and highly insoluble. Partially ameliorating the nutrient encapsulation of 
NSP through xylanase supplementation is certainly well supported by in vitro evidence, and 
reported improvements in digestibility of unexpected dietary components, but the monetary 
investment required to apply a nutrient release value to xylanase is likely not worth the marginal 
improvements observed. All of the aforementioned MOA rely on xylanase hydrolysis of 
arabinoxylan to some extent. While there is certainly logical evidence that this is occurring in 
23 
 
vivo, the composition of associated release products is largely unknown. It is imperative to our 
understanding the in vivo MOA of xylanase and these products’ contribution to energy. Further, 
the chemical complexity of corn-based arabinoxylans hinder the ability to isolate these release 
products and quantify them. Recent advances in chromatographic methodologies provide 
optimism that they will be characterized, and in the future, this could become a routine analysis. 
Continual holistic and multifaceted investigation into the MOA of xylanase in corn-based diets 
will exponentially improve our understanding of enzymes and probably stimulate increased use 
of carbohydrases in swine diets.  
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Table 1.1. Total NSP, NDF, ADF, TDF, Starch, and AX concentrations (g/kg) in corn-based 
feed ingredients1 
Feed ingredient Total NSP NDF ADF TDF Starch AX2 A:X3 
Corn4,5,6 81 85 24 108 625 38 0.81 
Dehulled, degermed corn4  11 38 4 23 685 8 1 
Corn gluten meal4 49 121 70 88 120 20 1.22 
Corn bran4 370 406 105 425 211 221 0.56 
Corn bran with solubles4 171 227 51 253 190 95 0.58 
Cooked Corn DDGS4,7 204 345 92 326 28 108 0.83 
Corn DDGS-reduced oil4 250 387 143 329 29 143 0.79 
Uncooked DDGS4 220 308 79 291 52 113 0.77 
High protein DDG4 219 311 118 289 82 92 0.80 
Corn germ meal4 444 462 115 441 164 292 1.18 
Corn gluten feed6,8 287 275 84 316 111 145 0.69 
1NSP= Non-starch Polysaccharides; NDF=Neutral Detergent Fiber; ADF= Acid Detergent Fiber; 
TDF=Total Dietary Fiber; AX= Arabinoxylan 
2Arabinose+xylose from total NSP analysis  
3Ratio of arabinose to xylose  
4Adapted from Gutierrez et al., 2014  
5Adapted from Navarro et al., 2018 
6Adapted from Jaworski et al., 2015 
7DDGS= dried distiller grains with solubles  






Figure 1.1. The impact of substituting reduced oil DDGS at the expense of corn using a constant 
ingredient formulation on nutrient composition (A), net energy (B), and contribution of simple 





Figure 1.2. The efficacy of xylanase to improve average daily gain (ADG), feed efficiency (G:F), 
apparent ileal digestibility (AID) of fiber (NSP, TDF, or NDF), and apparent total tract digestibility 
(ATTD) of fiber of pigs fed corn-based diets from 2000 to July 2020 
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The experimental objective was to investigate the impact of xylanase on the 
bioavailability of energy, oxidative status, and gut function of growing pigs fed a diet high in 
insoluble fiber and given a longer adaptation time than typically reported. Three replicates of 20 
gilts with an initial body weight (BW) of 25.43 ± 0.88 kg were blocked by BW, individually 
housed, and randomly assigned to 1 of 4 dietary treatments: a low-fiber control (LF) with 7.5% 
neutral detergent fiber (NDF), a 30% corn bran high-fiber control (HF; 21.9% NDF), HF + 100 
mg/kg xylanase (HF+XY; Econase XT 25P), and HF + 50 mg/kg arabinoxylan-oligosaccharide 
(HF+AX). Gilts were fed ad libitum for 36 d across 2 dietary phases. Pigs and feeders were 
weighed on d 0, 14, 27 and 36. On d 36, pigs were housed in metabolism crates for a 10-d 
period, limit fed (80% of average ad libitum intake) and feces and urine were collected the last 
72 h to determine digestible energy (DE) and metabolizable energy (ME). On d 46, serum and 
ileal and colonic tissue were collected. Data were analyzed as a linear mixed model with block 
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and replication as random effects, and treatment, time, and treatment × time as fixed effects. 
There was a significant treatment × time interaction for BW, average daily gain (ADG), and gain 
to feed (G:F; P<0.001). By design, BW at d 0 did not differ, at d 14 pigs fed LF were 3.5% 
heavier, and pigs fed HF+XY, when compared to HF, were 4% and 4.2% heavier at d 27 and d 
36, respectively (P <0.001). From d 14 to 27 and d 27 to 36, when compared to HF, HF+XY 
improved ADG by 12.4% and 10.7% and G:F by 13.8% and 8.8%, respectively (P<0.05). 
Compared to LF, HF decreased DE and ME by 0.51 and 0.42 Mcal/kg, respectively, but xylanase 
partially mitigated that effect increasing DE and ME by 0.15 and 0.12 Mcal/kg, over HF, 
respectively (P<0.05). Pigs fed HF+XY had increased total antioxidant capacity in the serum and 
ileum (P<0.05) and tended to have less circulating malondialdehyde (P=0.098). Pigs fed LF had 
increased ileal villus height, and HF+XY and HF+AX had shallower intestinal crypts (P<0.001). 
Pigs fed HF+XY had increased ileal messenger ribonucleic acid abundance of claudin 4 and 
occludin (P<0.05). Xylanase, but not AX, improved the growth performance of pigs fed 
insoluble corn-based fiber. This was likely a result of the observed increase in ME, improved 
antioxidant capacity and enhanced gut barrier integrity, but it may require increased adaptation 
time to elicit this response.  
Introduction 
Dietary energy impacts nearly every performance metric in pork production (Beaulieu et 
al., 2009), and meeting the specification for dietary energy accounts for more than 60% of the 
input cost of raising one hog to market (Patience, 2017). One approach to reduce this cost is to 
improve the energetic contribution of dietary components that supply energy: protein, fat, simple 
carbohydrates, and fiber. Arguably, of these four, fiber has the greatest opportunity for 
improvement. Typically, swine diets in the United States contain between 8-20% fiber, generally 
insoluble and corn-based, and within these diets the contribution of fiber to energy is estimated 
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to be less than 4%, irrespective of energy system (Patience and Petry, 2019). One strategy to 
improve the energetic contribution of fiber is to include carbohydrases, such as xylanase, into the 
formulation matrix. Xylanase hydrolyzes the β-(1- 4) glycosidic bonds of arabinoxylan releasing 
a mixture of xylose, arabinose, and xylo-oligosaccharides that can be either absorbed or 
fermented by the pig (Dodd and Cann, 2009), but its efficacy in corn-based diets is inconsistent 
and poorly understood.  
In theory, supplementing xylanase in diets with corn-based fiber, a fiber source rich in 
arabinoxylan, should improve the energetic contribution of that fiber resulting in improved 
growth performance. Indeed, studies have shown improvements in both fiber and energy 
digestibility when supplementing corn co-products with xylanase, but few studies report both an 
improvement in digestibility and performance (Torres-Pitarch et al., 2019). It is poorly 
understood why these responses occur, or lack thereof, but they may be attributed to the length of 
xylanase supplementation time or the concentration of fiber within the diet. It has been reported 
that improvements in fiber and energy digestibility in the upper small intestine required at least 
25 d of adaptation to xylanase (Petry et al., 2020) - a period of time significantly longer than 
adaptation times typically reported within the literature. Furthermore, in recent years, the role of 
xylanase has extended beyond its original intent due to reports of unexpected health benefits, 
particularly reductions in mortality in grow-finish pig production (Zier-Rush et al., 2015). There 
have also been reports of improvements in gut barrier integrity (Tiwari et al., 2018) and 
reductions in markers of oxidative stress (Duarte et al., 2019) in nursery pigs supplemented with 
xylanase, but there is a dearth of literature in the grow-finish pig. Therefore, the experimental 
objective was to investigate the impact of xylanase on energy bioavailability, oxidative status, 
and gut function and morphology of growing pigs fed a diet higher in insoluble fiber and given a 
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longer adaptation time than typically reported. It was hypothesized that when given sufficient 
adaptation time, xylanase would improve the energetic contribution of corn-based fiber, growth 
performance, markers of gut barrier integrity and oxidative status of growing pigs. 
 
Materials and Methods 
Experimental procedures reported herein adhered to guidelines for the ethical and 
humane use of animals for research according to the Guide for the Care and Use of Agricultural 
Animals in Research and Teaching (FASS, 2010) and were approved by the Iowa State 
University Institutional Animal Care and Use Committee (#9-17-8613-S). 
Animals, Housing, and Experimental Design 
Sixty crossbred gilts (L337 × Camborough; PIC Inc., Hendersonville, TN) with an initial 
body weight of 25.4 ± 0.9 kg were used in 3 replicates of a 46-d trial. Twenty gilts were included 
in each replicate and the same procedures were applied across replicates. Pigs were blocked by 
initial body weight (BW) and randomly assigned within a block to 1 of 4 dietary treatments. Pigs 
were individually housed for 36 d in pens (1.8 × 1 m) equipped with a partially slatted concrete 
floor, an automatic self-feeder and a cup drinker. On d 36, pigs were moved to metabolism crates 
(1.50 ´ 0.7 m) for 10 d in total to facilitate 7 d of adaptation followed by 72 h of fecal and urine 
collections. The metabolism crates allowed for separate collection of feces and urine and were 
equipped with a slatted floor, feeder, and nipple waterer. Pigs were necropsied at experimental 
termination for intestinal tissue collection.  
Diets and Feeding 
Four dietary treatments were evaluated: a low-fiber control (LF) with 7.5% neutral 
detergent fiber (NDF), a 30% corn bran without solubles higher-fiber control (HF; NDF= 
21.9%), HF + 100 mg xylanase/kg (HF+XY; Econase XT 25P; AB Vista, Marlborough, UK) 
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providing 16,000 birch xylan units per kg, and HF + 50 mg arabinoxylan-oligosaccharide/kg 
(HF+AX; 3–7 degrees of polymerization). All diets were formulated to meet or exceed National 
Research Council (2012) requirements for growing pigs and were manufactured in mash form. 
During mixing, 10 representative samples of each diet were randomly collected throughout the 
mixing batch, homogenized, and stored at -20°C for future analysis. Chromium trioxide (Cr2O3) 
was included in phase 2 diets as an indigestible marker to determine energy digestibility during 
the metabolism crate period. Pigs were fed ad libitum for 36 d across two dietary phases: phase 1 
from d 0 – 27 and phase 2 from d 27 – 36 (Table 1 and 2). From d 36 to 46, pigs were limit fed 
80% of the average daily feed intake among all treatments of the first replicate, and the same 
feed allotment was used in subsequent replicates. When limit fed, the daily feed allotment was 
split into two feedings at 0700 and 1500 h. Any orts remaining after 1 h were collected, dried, 
and weighed. Pigs had ad libitum access to water throughout the entire trial.  
Sample and Data Collection  
 During the adaptation period, pigs and feeders were weighed on d 0, 14, 27, and 36 to 
calculate average daily gain (ADG), average daily feed intake (ADFI), and feed efficiency 
(G:F). On d 0, blood was collected via jugular venipuncture into a vacutainer tube (Becton 
Dickinson, Franklin Lakes, NJ) and centrifuged at 1,500 ×	g for 15 min at 4°C. The resulting 
serum was stored at -80°C for later baseline analysis. During the last 72 h of each replicate, total 
urine and fresh fecal grab samples were collected at 0730 and 1530 h each day. Urine was 
collected in acid washed 4-liter bottles containing 6 M-HCl to ensure that the pH was maintained 
below 2.0 to minimize nitrogen volatilization. Urine was weighed, filtered through glass wool, 
subsampled, and stored in acid washed plastic containers at -20°C until further analysis. Fecal 
samples were amassed, homogenized, and immediately stored at -20°C.  
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 On d 46, after 0730 h urine and fecal collections and prior to euthanizing, pigs were fed 
half their total daily feed allotment, weighed, and blood was collected via jugular venipuncture 
into two 10 mL tubes for plasma and serum. Plasma and serum were separated by centrifugation 
(2000 × g for 15 min at 4°C and 1500 × g for 15 min at 4°C, respectively), collected, 
subsampled, and stored at -80°C until analyzed. The pigs were then euthanized by captive bolt 
stunning and exsanguination. A 24-cm section of ileal tissue was collected 20 cm proximal to the 
ileocecal junction and rinsed with phosphate buffered solution. From the isolated section, two 6-
cm sections were snap-frozen in liquid nitrogen and stored at -80°C for later analysis, and two 6-
cm sections were fixed in 10% neutral buffered formalin. A 6-cm section proximal to the 
ascending spiral colon was removed, flushed with phosphate buffered solution, snap-frozen in 
liquid nitrogen, and stored at -80°C for later analysis. 
Diet, Urine, and Fecal Analytical Methods  
 At the conclusion of each replicate, urine and fecal samples were thawed, homogenized for 
each pig, and subsampled. Diet and fecal subsamples were dried in a convection oven at 60°C 
until a constant weight was achieved and were ground to a particle size of 1.0 mm (Wiley Mill 
3379-K35, Thomas Scientific, Swedesboro, NJ). Urine subsamples were thawed, mixed, and 
filtered through Whatman 41 filter paper (GE Healthcare Life Sciences, Chicago, IL, USA) prior 
to analysis.  
Diets were analyzed in duplicate for acid-hydrolyzed ether extract (aEE; method 
2003.06; AOAC, 2007), and nitrogen (method 990.03; AOAC, 2007; TruMac; LECO Corp., St. 
Joseph, MI). An ethylenediaminetetraacetate sample (9.56% nitrogen; determined to have 9.56 ± 
0.08% nitrogen) was used for standard calibration and crude protein (CP) was calculated as 




(Wicklow, Ireland; modified method 996.11, AOAC 1996). Diets were analyzed in triplicate for 
NDF using the method of Van Soest and Robertson (1979), and acid detergent fiber (ADF) 
according to Goering and Van Soest (1970).  
Diet and fecal samples were analyzed in duplicate for dry matter (DM; method 930.15), 
and Cr2O3 using the method of Fenton and Fenton (1979). Diet and fecal samples were analyzed 
in duplicate for gross energy (GE) using a bomb calorimeter (model 6200; Parr Instrument Co., 
Moline, IL). Benzoic acid (6,318 kcal/kg; Parr Instrument Co.) was used as the standard for 
calibration and was determined to contain 6,322 ± 0.91 kcal/kg. For urine energy determination, 
1.5 ml of urine was added to 0.25 g of cotton and subsequently freeze dried for 48 h. Urine plus 
cotton dried samples were analyzed for GE in triplicate. Urinary energy was calculated from the 
difference of energy determined in cotton alone and the energy determined in the samples 
containing both urine and cotton. A CV threshold of less than 1% was used for DM, Cr2O3, CP, 
and GE, and less than 3% for NDF, ADF, and aEE.  
Messenger Ribonucleic Acid Abundance and Lipopolysaccharide Binding Protein   
Ileal tissue total ribonucleic acid (RNA) was extracted using a commercial kit (RNeasy 
Plus Mini Kit, Qiagen, Carlsbad, CA) and Qiagen Tissuelyser II (Germantown, MD). 
Concentration of RNA was quantified using a spectrophotometer (ND-100; NanoDrop 
Technologies Inc., Rockland, DE) and all samples had 260:280 nm ratios above 1.84. 
Complimentary deoxyribose nucleic acid (cDNA) was transcribed from 0.8 μg RNA using the 
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and diluted 10-fold with 
nuclease-free water. 
 Real-time quantitative polymerase chain reaction was performed using iQ SYBR Green 
Supermix (Bio-Rad Laboratories, Inc., Hercules, CA) in triplicate. The gene-specific primers 
(Table 3) were diluted to 10 µM with nuclease-free water. Each 20 µL reaction included 10 µL 
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of SYBR Green Supermix, 1 µL of each forward and reverse primer, 3 µL of cDNA and 5 µL of 
nuclease-free water. A pooled reference sample and a no-reverse transcriptase negative control 
were included for each gene. The SYBR Green fluorescence was quantified using a real-time 
polymerase chain reaction detection system (iQ5; Bio-Rad Laboratories Inc.). cycling conditions: 
5-min initial denaturation at 95°C followed by 40 polymerase chain reaction cycles (95°C for 30 
s, 55 or 60°C for 30 s, and 72°C for 30 s) and a dissociation curve to verify the amplification of a 
single polymerase chain reaction product. Optical System Software (iQ5, version 2.0; Bio-Rad 
Laboratories Inc.) was used to analyze amplification plots and cycle threshold (Ct) values for 
each reaction were obtained. The messenger RNA (mRNA) abundance was normalized to 
pooled sample and the ribosomal protein- L19 reference gene, and a CV % threshold of 5% was 
used. To calculate the fold change, the 2-ΔΔCt method described by Livak and Schmittgen 
(2001) was implemented. Plasma lipopolysaccharide binding protein (LBP) was measured with a 
commercially available enzyme-linked immunosorbent assay kit (Hycult Biotech, Plymouth 
Meeting, PA), and an inter-assay CV threshold of 5% was used.   
Intestinal Morphology 
Fixed ileal tissues were embedded in paraffin wax, sectioned, stained with hematoxylin 
and eosin, and mounted on glass slides (Iowa State University Veterinary Diagnostics Lab, 
Ames, IA). Images of the slides were taken at 10x power using a DP80 Olympus Camera 
mounted on an OLYMPUS BX 53/43 microscope (Olympus Scientific, Waltham, MA). At total 
of 10 villi and crypt pairs across two ileal sample cross sections were measured using 
OLYMPUS CellSens Dimension 1.16 software. The measurements of the 10 villi and crypts 




Oxidative Status Measures  
Malondialdehyde (MDA) was measured in serum and ileal and colonic tissue lysates 
using a thiobarbituric acid reactive substances kit (TBARS Assay Kit, Cayman Chemical 
Company, Ann Arbor, MI). The total antioxidant capacity (TAC) of serum and ileal and colonic 
tissue lysates were measured using a commercially available colorimetric assay (Antioxidant 
Assay Kit, Cayman Chemical Company, Ann Arbor, MI). Serum was diluted 1:100 with 
provided assay buffer and all tissue lysates were normalized to a similar protein concentration. 
Total antioxidant capacity reported herein was defined as the concentration of antioxidants 
within a sample that inhibited the oxidation of 2,2’-Azino-di-3-ethylbenzthiazoline sulphonate 
by metmyoglobin relative to a water-soluble tocopherol analogue, Trolox, and quantified as 
millimolar Trolox equivalent (Miller et al., 1993). A CV threshold of less than 5% was used for 
MDA and TAC values. 
Calculations and Statistical Analysis  
Digestible energy (DE) was calculated by multiplying GE intake by the total tract 
digestibility coefficient calculated according to the methods described by Oresanya et al. (2007). 
Metabolizable energy (ME) was calculated by subtracting urinary energy from DE; calculation 
of methane loses were omitted. Net energy (NE) was estimated from ME using the Noblet 
(1994) equation,   
NE	 = 	 [0.726	 × ME] 	+	 [1.33	 × 	EE] 	+	 [0.39 × 	starch]	–	[0.62	 × 	CP]	–	[0.83	 × ADF] 
Data with an independent covariance structure were analyzed according to the following 
mixed model:  
?!"#$ = 	@ + A!	 + B" + C#	 + D!"#$ 
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Where ?!"#$ is the observed value for lth experimental unit within the ith level of dietary 
treatment of the jth block for the lth pig in the kth replicate; @ is the general mean; A!	 is the fixed 
effect of the ith diet (i= 1 to 4); B" is the random effect of the jth block (j=1 to 5); C#	is the random 
effect of the kth replicate (k=1 to 3); and D!"#$ is the associated variance as described by the 
model for ?!"#$ (l=1 through 60); assuming B" 	~F G0, IJ&!
' K , C#		~F(0, IJ("	
' ), and 
D!"#$ 	~F(0, IJ)'), where I is the identity matrix.  
Data that were collected at multiple time points were analyzed with a dependent 
covariance structure according to the following mixed model:  
?!"#$* = 	@ + A!	 + B" +	A!	B" + C#	 + M$ + D!"#$* 
Where ?!"#$* is the observed value for mth experimental unit at a given jth point in time 
within the ith level of dietary treatment of the lth block for the mth pig in the kth replicate; @ is the 
general mean; A!	 is the fixed effect of the ith diet (i= 1 to 4); B" is the fixed effect of time at a 
given jth measurement (j=1 to 5);	A!	B" is the interaction term for dietary treatment and time; C#	is 
the random effect of the kth replicate (k=1 to 3); M$ is the random effect of the lth block (l=1 to 4); 
and D!"#$ is the associated variance as described by the model for ?!"#$ (l=1 through 60); 
assuming B" 	~F(0, NO1), C#		~F(0, IJ("	
' ), M$ 	~F(0, IJ+$
' ),  and D!"#$ 	~F(0, IJ)'), where I is the 
identity matrix and AR1 is a first order autoregressive covariance structure.  
The PROC UNIVARIATE procedure in SAS 9.3 (SAS Inst., Cary, NC) was used to 
verify normality and homogeneity of the studentized residuals from the reported models. Each 
model was analyzed using PROC MIXED. Least square means were separated using Fisher’s 
Least Significant Difference test, and treatment differences were considered significant if P ≤ 




All pigs within each replicate completed the trial. A few instances of diarrhea were 
observed prior to the metabolism period in replicates 2 and 3. Pigs were treated with tylosin 
phosphate; whenever affected pigs were treated, all pigs in that replicate were treated as well. 
There were no significant interactions among replicate and other main effects for the reported 
dependent variables; therefore, the effect of replicate was included as a random effect within the 
respective models to account for this additional variance.  
Growth Performance 
There was a significant interaction between treatment and time for BW (Treatment × 
Time P <0.001:Fig. 1-A). Whereas, by design, BW at d 0 did not differ among treatments, at d 
14 pigs in the LF treatment were 3.5% heavier, and pigs fed xylanase, when compared to HF, 
were 4% and 4.2% heavier at d 27 and d 36, respectively (P <0.05). Similarly, there was an 
interaction between treatment and time for ADG (Treatment × Time P =0.036:Fig.1-B). From d 
0-14, LF gained 12.8% more per day among treatments, but from d 14 to 27 and d 27 to 36 
HF+XY performed intermediately among treatments; when compared to HF, the addition of 
xylanase improved ADG by 12.4% and 10.7%, from d 14 to 27 and d 27 to 36, respectively 
(P<0.05). Average daily feed intake did not differ among treatments across periods (Treatment 
P=0.946:Fig. 1-C), but as time increased, ADFI increased as well (Time P=0.001). This drove a 
time by treatment interaction for G:F (Treatment × Time P =0.049:Figure 1-D). In all weigh 
periods, LF had the greatest feed efficiency, and the addition of 30% corn bran without solubles 
reduced G:F by 15.7 %, 21.8% and 17.6% from d 0 to 14, d 14 to 27, and d 27 to 36, respectively 
(P<0.001). The addition of xylanase partially mitigated the effect of insoluble on feed efficiency 
from d 14 to 27 and d 27 to 36, improving G:F over HF by 13.8 and 8.8%, respectively (P<0.05). 
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Energy Excretion and Dietary Energy  
 By design GE intake did not differ among treatments (Table 4; P=0.901) Compared to 
LF, pigs fed HF excreted in total 0.81 more Mcal per day (P <0.001), but the addition of 
xylanase partially mitigated that effect, as HF+XY excreted 0.17 fewer Mcal per day than HF 
(P<0.05). When energy excretion was partitioned into fecal and urinary energy, LF excreted the 
least fecal energy among treatments, and comparatively, the addition of 30% corn bran increased 
fecal energy excretion by 207% (P<0.001). The addition of xylanase to HF reduced fecal energy 
excretion by 7.3% (P<0.05), but increased urinary energy excretion by 9.1%, relative to HF 
(P<0.05).  
 The addition of 30% corn bran increased NDF and ADF content of the HF by 187 and 
128% compared to the LF control, respectively (Table 2). Furthermore, when compared to LF, 
the addition of 30% corn bran without solubles decreased DE by 0.51 Mcal/kg of DM, and ME 
by 0.42 < Mcal/kg of DM(P<0.01). However, the addition of xylanase to HF improved DE and 
ME by 0.15 and 0.12 Mcal/kg of DM, respectively (P<0.05). Although calculated from ME, as 
expected LF has the greatest estimated NE, and the addition of xylanase to HF, improved 
estimated NE by 112 Mcal/kg of DM (P<0.05).  
Oxidative Status and Markers of Intestinal Integrity and Morphology  
Pigs fed HF+XY had the greatest serum TAC among treatments (P=0.047) and tended to 
have less circulating MDA (P=0.098). Similarly, within the distal ileum, pigs fed HF+XY had 
greater TAC (P=0.037), but MDA concentration within the ileum did not differ among 
treatments (P=0.108). Although the TAC of the proximal colon did not differ among treatments 
(P=0.432), pigs fed increased insoluble fiber had reduced MDA in the colon (P=0.041).  
 Plasma LBP did not differ among treatments (Table 6; P=0.846). Relative to LF, pigs fed 
increased insoluble fiber had reduced villus height in the ileum (P < 0.001). Interestingly, 
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HF+XY and HF+AX had shorter intestinal crypts in the ileum, and HF had the longest crypt, 
with LF performing intermediately among them (P<0.001). This resulted in pigs fed LF having 
the greatest V:C ratio, HF having the lowest, and HF+XY and HF+AX performing 
intermediately among them (P<0.001). Among all treatments, pigs fed xylanase had the greatest 
mRNA abundance of claudin-4 and occuldin in the ileum and tended to have a greater mRNA 
abundance  of zona occuldin-1 (P=0.027, P=0.047, P=0.087, respectively). 
Discussion 
Non-starch polysaccharides (NSP) are often considered an antinutritional factor in swine 
diets associated with reduced energy and nutrient utilization, decreased growth performance, and 
reduced carcass yield (Weber et al., 2015; Acosta et al., 2020). Approximately 49% of the NSP 
in corn and corn distiller’s dried grains (DDGS), primary sources of fiber in many U.S. swine 
diets, are arabinoxylans (Jaworski et al., 2015). Corn-based arabinoxylans are poorly fermented 
by the pig due to their low solubility, lignin cross-bridges, and increased amount of L-
arabinofuranosyl side chains (Bach Knudsen, 2014). The addition of xylanase to the diet is one 
strategy considered by nutritionists to mitigate the impact of NSP on pig performance. In poultry, 
xylanase has been consistently effective in attenuating the antinutritive effects of NSP (Raza et 
al., 2019), but in pigs, responses are variable, particularly in corn-based diets (Jones et al., 2015; 
Abelilla and Stein, 2019; Petry et al., 2019). The reason for these varying responses is largely 
unknown, but may be attributed to length of supplementation, fiber type, and concentration 
(Patience and Petry, 2019).  
In this study, the addition of xylanase improved ADG and G:F in pigs fed a diet high in 
insoluble corn-based fiber, but these improvements were not detectable until between d 14 and 
27 of supplementation and were even greater after d 27. This is in agreement with Lan and Kim 
(2017) who reported xylanase improved the ADG of nursery pigs fed a corn-soybean meal based 
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diet from 15 and 28 d of supplementation, and improved ADG and G:F from d 29 to 42, and with 
Myers and Patience (2014) who reported a tendency for xylanase to improve ADG in nursery 
pigs fed corn based diets from d 23 to d 28 of supplementation. Likewise, Fang et al. (2007) 
reported improvements in final BW, ADG, and feed efficiency of growing pigs fed a corn-
soybean-rapeseed meal-based diet for 49 d. However, there is a paucity of studies that report 
improved pig performance when xylanase is supplemented in diets containing corn DDGS, and 
this has been largely attributed to the level of NDF within the diet, and the composition of corn 
arabinoxylan (Jacela et al., 2010; Kerr et al., 2013;). However, data reported herein found 
xylanase did improve the growth performance of pigs fed a diet with greater than 20% NDF that 
was predominately supplied by corn-based arabinoxylan. The recalcitrant nature of corn DDGS 
to xylanase hydrolyzation could be a result of arabinoxylan modification during DDGS 
production, such as the removal of more degradable arabinoxylans, or an increased ratio of 
arabinose to xylose (Jaworski et al., 2015; Pedersen et al., 2014). In contrast, corn bran is a 
pericarp-enriched dry milled co-product that is unexposed to fermentation and has a lower 
arabinose to xylose ratio in both the soluble and insoluble NSP fractions; it is potentially more 
susceptible to xylanase (Rose et al., 2010; Jaworski et al., 2015).  
The time by treatment interaction observed for ADG and G:F may be the result of a shift 
in fiber digestion to a more efficient digestion site, improved xylose retention by the pig, or 
increased fiber fermentation by gastrointestinal microbiota, all of which have been shown to 
improve with increased adaptation time (Castillo et al.,2007; Huntley and Patience, 2018; Petry 
et al., 2020). Petry et al., (2020) reported that 25 d of adaptation were required for xylanase to 
improve fiber and energy digestibility in the upper small intestine of growing pigs fed insoluble 
corn fiber, but responses across the total tract were observed after 7 d of adaptation. Likewise, 
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Huntley and Patience (2018) reported improved xylose, a potential release product of xylanase, 
retention in pigs with increasing adaptation time. Potentially, if increasing the adaptation time of 
xylanase shifts fiber digestion into the small intestine, this may promote intestinal absorption of 
xylose and arabinose, and partially mitigate the losses of energy due to microbial fermentation. 
This could partially explain the improvements in ADG, G:F, and ME observed, but it is unclear 
if the metabolic efficiency of xylose would be greater as a monosaccharide or if it was fermented 
to a volatile fatty acid (Verstegen et al.,1997; Huntley and Patience, 2018). The increased urinary 
GE excretion observed in HF+XY suggest some xylose was likely absorbed as a monosaccharide 
as it has been shown that free xylose increases urine GE due to excretion of xylose or threitol 
(Huntley and Patience, 2018).  
There are reports of xylanase improving the fermentation of corn based NSP in vitro, in 
poultry, and in nursery pigs (Kiarie et al., 2014; Tiwari et al., 2018). Moreover, xylanase may 
release stimbiotic arabinoxylan-oligosaccharides (AX), that in poultry, upregulate fiber-
degrading microbial communities and increase the fermentation capacity of the large intestine 
(Bedford, 2018). Indeed, a study by Zhang et al. (2018), found supplementing xylanase in a corn-
based diet to pigs altered cecal microbiota to favor Firmicutes, and many species within this 
phylum produce the accessory enzymes to metabolize AX (Sheridan et al., 2016). Conversely, 
supplementing AX directly herein did not elicit a similar response to xylanase. It is plausible, 
that the AX supplemented in HF+AX was largely fermented in the small intestine, and unable to 
modulate hindgut microbiota, which would explain its inefficacy in this study. On the contrary, 
xylanase has the potential to release AX throughout the gastrointestinal tract, and continually 
modulate microbiota. It is likely a combination of xylanase improving the digestibility of NSP in 
the foregut and increasing hindgut fermentation that resulted in improved feed efficiency with 
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increasing adaptation time in this study. Further research is needed to determine the impact of 
adaptation time on xylanase efficacy to improve NSP digestibility in pigs, if xylanase produces 
AX in situ from corn-based fiber, and the efficacy of xylanase to modulate gastrointestinal 
microbiota in pigs.  
Although urinary energy excretion increased with xylanase supplementation, it did not 
outweigh the efficacy of xylanase to improve dietary ME, largely due to the magnitude of 
improvement in DE. It is well known that pigs do not secrete enzymes capable of degrading NSP 
and that increasing NSP dilutes dietary energy subsequently decreasing growth and feed 
efficiency, as confirmed by reduced growth and increased energy excretion when comparing LF 
to HF in this study. The addition of xylanase partially improved the energetic contribution of 
fiber, and this was likely through one or more of the following means: absorption or fermentation 
of carbohydrate fragments hydrolyzed from arabinoxylan (Adeola and Cowieson, 2011), 
degradation of the physical fiber matrix resulting in a release of trapped nutrients improving their 
access to endogenous digestive enzymes (deLange et al., 2010), mitigation of physicochemical 
properties associated with NSP that can negatively impact nutrient and energy digestibility (de 
Vries et al., 2012), or a reduction in the maintenance energy requirement associated with high-
fiber diets (Agyekum and Nyachoti, 2017). Indeed, any of the aforementioned xylanase modes of 
action could explain the improvements in DE, ME, and estimated NE in this study. However, it 
is unclear which mode of action, or combination of modes of action, is involved in pigs fed corn-
based fiber, as the majority of the mechanistic work for xylanase has been conducted in wheat-
based diets, in vitro, or in poultry (Bedford, 2018).  
Interestingly, supplementing xylanase in this study improved the antioxidant capacity 
both systemically and within the ileum and decreased markers of systemic lipid peroxidation. 
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Durate et al., (2019) found that xylanase supplementation in nursery diets with corn DDGS 
reduced MDA in the mucosa of the jejunum and tended to decrease the concentration of protein 
carbonyls, but Tiwari et al. (2018) found no impact of xylanase on systemic or intestinal markers 
of oxidative stress in a similar age of pig and diet type. It is unclear how xylanase could decrease 
oxidative stress and improve the antioxidant capacity of the pig, but one potential mechanism 
could be through improving the bioavailability of phenolic compounds within the arabinoxylan 
structure that could serve as antioxidants. Corn arabinoxylan is highly substituted with phenolic 
compounds derived from hydroxycinnamic acid: caffeic acid, chlorogenic acid, sinapic acid, 
ferulic acid, and p-coumaric acid (Boz, 2015). Of these, ferulic acid is the most abundant and is 5 
times more concentrated in corn bran compared to other cereal brans (Boz, 2015). Ferulic acid is 
a strong antioxidant capable of scavenging free radicals, stimulating anti-oxidase production, and 
inhibiting enzymes that cause excess free radical production (Ogiwara et al., 2002); but cereal 
grain ferulic acid bioavailability is poor due to its esterification within arabinoxylan (Anson et 
al., 2009). It is possible that xylanase improves ferulic acid bioavailability through fragmentation 
of arabinoxylan, thus, increasing the access of esterified ferulic acid to ferulic acid esterase 
produced by the microbiota (Mathew and Abraham, 2004). Furthermore, in vitro production of 
free ferulic acid, diferulic acid, and ferulic-acid-arabinose complexes are increased when 
xylanase is supplemented in conjunction with ferulic acid esterase, and these products can be 
passively absorbed by enterocytes and enter the circulatory system (Andreasen et al. 2001; Ou 
and Sun et.al, 2014). However, it has been suggested that the increased substitution of ferulic 





fermentation (Pedersen et. al, 2014). Further research is warranted if it is found that xylanase 
does indeed improve the bioavailability of phenolic compounds derived from arabinoxylan in the 
pig.  
The aforementioned improvement in antioxidant status could also potentially explain the 
increased V:C ratio and mRNA abundance of claudin-4 and occludin observed in HF+XY. The 
gastrointestinal tract generates free radicals as a byproduct of normal cellular metabolism and 
certain microbial pathogens can induce oxidative stress in the gastrointestinal mucosa, 
potentially damaging epithelial cells and affecting gut barrier integrity (Lee et al., 2016; Celi et 
al., 2017). The antioxidant-increasing effect of xylanase within the ileum may help protect 
epithelial cells from oxidative damage through direct mitigation of reactive species, reducing cell 
turnover and improving gut barrier integrity, as supported by the improvements in gut barrier 
integrity makers observed herein. Others have also reported improvements in markers of 
enhanced gastrointestinal barrier integrity when xylanase is supplemented alone or as part of an 
enzyme blend (Tiwari et al., 2018; Li et al., 2018). In totality, the improvements in antioxidant 
capacity, reductions in oxidative stress markers and enhanced gut barrier integrity observed in 
HF+XY may help explain why it is often observed that xylanase supplementation reduces 
mortality and morbidity in grow-finish pig production.  
Conclusions 
In conclusion, as dietary fiber increased, energy within the diet decreased, and this 
resulted in decreased pig performance, increased energy excretion, and reduced DE and ME. 
Supplementing xylanase, but not AX, partially mitigated the antinutritive effect of corn-based 
fiber on performance and dietary energy, but appeared to require a longer adaptation time than 
what is typically reported in the literature. The efficacy of xylanase reported herein also indicates 
that xylanase is indeed effective in high corn fiber-based diets, and the lack of responses reported 
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when xylanase is supplemented with corn DDGS may not be a result of the concentration of 
arabinoxylan in corn DDGS based diets, but rather due to other attributes of the arabinoxylan. 
Moreover, xylanase supplementation in this study provided unexpected health benefits through 
improving antioxidant capacity, reducing oxidative stress, and enhancing gut barrier integrity. 
These data indicate xylanase could potentially improve the utilization of insoluble corn-based 
fiber, aid in free radical mitigation, and improve gut health, but further research is warranted to 
elicit the mode of action by which xylanase could improve antioxidant status and gut barrier 
integrity in the pig.  
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Table 2.1. Ingredient and nutrient composition of experimental diets (as-fed basis): phase11 
1 Phase 1 was fed from d 0 to 27 
2 Mineral premix provided the following (/kg diet): 165 mg of Fe (ferrous sulfate); 165 mg of Zn 
(zinc sulfate); 39 mg of Mn (manganese sulfate); 16.5 mg of Cu (copper sulfate); 0.3 mg of I 
(calcium iodate); 0.3 mg of Se (sodium selenite) 
3 Vitamin premix provided the following (per kg diet): 6,125 IU of vitamin A; 700 IU of vitamin 
D3; 50 IU of vitamin E; 3 mg of menadione (to provide vitamin K); 11 mg of riboflavin; 27 mg 
of d-pantothenic acid; 0.05mg of vitamin B12, and 56 mg of niacin.  
4 3-7 degrees of polymerization 
5 SID = standard ileal digestible 
6 TSAA = total sulfur amino acids (Met + Cys) 
7 STTD = standardized total tract digestible 
  
 Treatment   
Item  LF HF HF+XY HF+AX 
Ingredient composition, %     
Corn 74.548 44.526 44.516 44.521 
Corn bran without solubles  0.000  30.000 30.000 30.000 
Soybean meal  22.347 22.347 22.347 22.347 
Limestone  1.231 1.207 1.207 1.207 
Monocalcium phosphate 21%  0.569 0.657 0.657 0.657 
Sodium chloride  0.500 0.500 0.500 0.500 
L-lysine HCL 0.322 0.293 0.293 0.293 
Trace Mineral Premix2 0.200 0.200 0.200 0.200 
Vitamin Premix3  0.140 0.140 0.140 0.140 
L-threonine  0.078 0.064 0.064 0.064 
DL-methionine  0.062 0.059 0.059 0.059 
Quantum Blue, 5G 0.005 0.005 0.005 0.005 
Econase 25 P 0.000 0.000 0.010 0.000 
Arabinoxylan-oligosaccharide4 0.000 0.000 0.000 0.005 
Calculated nutrients     
SID5 Lysine, % 0.98 0.98 0.98 0.98 
SID TSAA6:Lysine 0.56 0.56 0.56 0.56 
SID Threonine: Lysine 0.60 0.60 0.60 0.60 
SID Trpytophan:Lysine 0.17 0.17 0.17 0.17 
Ca, % 0.66 0.66 0.66 0.66 
STTD7 P, % 0.33 0.33 0.33 0.33 
ME, Mcal/kg 3.28 3.02 3.02 3.02 
NE, Mcal/kg 2.46 2.25 2.25 2.25 
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Table 2.2. Ingredient and nutrient composition of experimental diets (as-fed basis): phase 21 
1 Phase 2 diets were fed from d 27-46 
2 Mineral premix provided the following (/kg diet): 165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 39 
mg of Mn (manganese sulfate); 16.5 mg of Cu (copper sulfate); 0.3 mg of I (calcium iodate); 0.3 mg of Se (sodium 
selenite) 
3 Vitamin premix provided the following (per kg diet): 6,125 IU of vitamin A; 700 IU of vitamin D3; 50 IU of 
vitamin E; 3 mg of menadione (to provide vitamin K); 11 mg of riboflavin; 27 mg of d-pantothenic acid; 0.05mg of 
vitamin B12, and 56 mg of niacin.  
4 3-7 degrees of polymerization 
5 SID = standard ileal digestible 
6 TSAA = total sulfur amino acids (Met + Cys) 
7 STTD = standardized total tract digestible  
 Treatment   
Item  LF HF HF+XY HF+AX 
Ingredient composition, %     
Corn 75.996 45.975 45.965 45.970 
Corn bran without solubles  0.000 30.000 30.000 30.000 
Soybean meal  20.566 20.566 20.566 20.566 
Limestone  1.182 1.159 1.159 1.159 
Monocalcium phosphate 21%  0.504 0.593 0.593 0.593 
Sodium chloride 0.500 0.500 0.500 0.500 
Cr2O3 0.500 0.500 0.500 0.500 
L-lysine HCL 0.295 0.267 0.267 0.267 
Trace Mineral Premix2 0.200 0.200 0.200 0.200 
Vitamin Premix3  0.140 0.140 0.140 0.140 
L-threonine  0.067 0.054 0.054 0.054 
DL-methionine  0.043 0.041 0.041 0.041 
Quantum Blue, 5G 0.005 0.005 0.005 0.005 
Econase 25 P 0.000 0.000 0.010 0.000 
Arabinoxylan-oligosaccharide4 0.000 0.000 0.000 0.005 
Calculated nutrients     
SID5 Lysine, % 0.92 0.92 0.92 0.92 
SID TSAA6:Lysine 0.56 0.56 0.56 0.56 
SID Threonine: Lysine 0.61 0.61 0.61 0.61 
SID Trpytophan:Lysine 0.17 0.17 0.17 0.17 
Ca, % 0.63 0.63 0.63 0.63 
STTD7 P, % 0.31 0.31 0.31 0.31 
ME, Mcal/kg 3.26 3.02 3.02 3.02 
NE, Mcal/kg 2.46 2.26 2.26 2.26 
Analyzed composition,%     
DM 89.12 89.81 89.98 90.15 
Starch 41.08 23.55 23.70 23.11 
CP  15.56 15.54 15.47 15.60 
NDF 7.54 21.91 22.12 22.08 
ADF  2.41 5.53 5.78 5.59 
aEE 2.48 2.74 2.82 2.89 
Cr2O3 0.49 0.49 0.49 0.49 
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Table 2.3. Primers used for real-time quantitative PCR1 
1PCR = polymerase chain reaction 
2 ZO-1 = zonula occludens-1; RPL19 = ribosomal protein-L19 
3F = forward primer; R = reverse primer 
4Product size base pair  
5Annealing Temperature 
  




Claudin-3 F: TTGCATCCGAGACCAGTCC 85 NM_001160075 60 
 R: AGCTGGGGAGGGTGACA    
Claudin-4 F: CAACTGCGTGGATGATGAGA 140 NM_001161637 60 
 R: CCAGGGGATTGTAGAAGTCG    
Occludin F: TCGTCCAACGGGAAAGTGAA 95 NM_001163647 55 
 R: ATCAGTGGAAGTTCCTGAACCA    
ZO-1 F: CTCTTGGCTTGCTATTCG 197 XM_003353439 55 
 R: AGTCTTCCCTGCTCTTGC    
RPL19 F: AACTCCCGTCAGCAGATCC 147 AF_435591 55 
 R: AGTACCCTTCCGCTTACCG    
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Table 2.4. Effect of treatment1 on energy balance and digestible, metabolizable, and estimated 
net energy 
a-cWithin a row, means without a common superscript differ (P  £ 0.05) 
1n = 15 pigs per treatment fed experimental diets for a 36-d adaptation period followed by a 10-d 
metabolism crate study 
  
 Diet Pooled 
SEM P-value Item LF HF HF+XY HF+AX  
Energy balance, GE Mcal/d       
Intake  8.14 8.11 8.14 8.13 0.02 0.898 
Total excreted 1.44a 2.25b 2.08c 2.32b  0.09 <0.001 
Fecal  0.88a 1.83b 1.70c 1.93b 0.07 <0.001 
Urinary  0.56a 0.39b 0.43c 0.39b 0.03 0.006 
Energy Mcal/kg of DM        
GE  4.34 4.34 4.35 4.34 - - 
DE  3.86a 3.35b 3.50c 3.30b 0.05 <0.001 
ME  3.56a 3.14b 3.26c 3.11b 0.04 <0.001 
NE  2.67a 2.25b 2.35c 2.24b 0.02 <0.001 
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Table 2.5. Effect of treatment1 on biomarkers of systemic oxidative status and oxidative status of 
the gastrointestinal tract.  
 Diet Pooled 
SEM 
Treatment  
P-value Item LF HF HF+XY HF+AX 
Serum        
TAC2, mM 4.26a 4.35a 6.89b 4.73a 1.15 0.047 
MDA,µmol/µl 15.12 16.38 13.26 16.79 1.94 0.098 
Ileal tissue        
TAC, mM 2.31a 2.52a 3.35b 2.51a 0.15 0.037 
MDA, µmol/mg 3.55 2.38 2.64 1.89 0.32 0.108 
Colonic tissue        
TAC, mM 5.34 5.81 5.87 5.79 0.27 0.432 
MDA, µmol/mg  4.27a 2.86b 3.18b 2.40b 0.80 0.041 
a-cWithin a row, means without a common superscript differ (P  £ 0.05) 
1n = 15 pigs per treatment fed experimental diets for a 36-d adaptation period followed by a 10-d 
metabolism crate study 
2Total Antioxidant Capacity was measured as a sample’s ability to inhibit the oxidation of 2,2’-




Table 2.6. Effect of treatment1 on markers of gut integrity and intestinal morphology 
 Diet Pooled 
SEM 
 
P-value Item  LF HF HF+XY HF+AX  
Plasma LBP2, µg/ml 20.6 22.5 20.8 21.7 1.7 0.846 
Intestinal morphology       
Villus height, µm 432.0a 403.1b 401.1b 395.2b 4.4 <0.001 
Crypt depth, µm 278.7a 303.3b 269.3c 268.2c 4.7 <0.001 
Villi height: crypt depth 1.6a 1.3b 1.5c 1.5c 0.02 <0.001 
Gene expression        
Claudin 3 1.41 0.93 2.08 0.65 0.56 0.693 
Claudin 4  0.64a 0.52a 1.85b 0.53a 0.36 0.027 
Occuldin 0.52a 0.76a 1.27b 0.71a 0.23 0.047 
Zonula occludens-1 0.81 1.06 1.21 1.03 0.19 0.087 
a-c Within a row, means without a common superscript differ (P  £ 0.05) 
1n = 15 pigs per treatment fed experimental diets for a 36-d adaptation period followed by a 10-d 
metabolism crate study 


































Trt P-value = 0.001 
Day P-value = 0.001 
Trt x Day  P-value = 0.036
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Treatment P-value = 0.001 
Time P-value = 0.001 
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Treatement P-value = 0.960 
Time P-value = 0.001 
Treatment x Time  P-value = 0.896
















Treatment P-value < 0.001 
Time  P-value < 0.001 







































Treatment P-value = 0.001 
Time P-value = 0.001 
Treatment x Time  P-value = 0.049
Figure 2.1 The impact of treatment, time, and treatment by time on the growth performance of growing pigs fed 
insoluble corn-based fiber. 
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Abstract  
The experimental objective was to investigate the impact of xylanase on energy and 
nutrient digestibility, digesta viscosity, and fermentation when pigs are fed a diet high in 
insoluble fiber (>20% neutral detergent fiber; NDF) and given a 46-d dietary adaptation period. 
Three replicates of 20 growing gilts were blocked by initial body weight, individually housed, 
and assigned to 1 of 4 dietary treatments: a low-fiber control (LF) with 7.5% NDF, a 30% corn 
bran high-fiber control (HF; 21.9% NDF), HF+100 mg/kg xylanase (HF+XY), and HF+50 
mg/kg arabinoxylan oligosaccharide (HF+AX). Gilts were fed ad libitum for 36-d. On d 36, pigs 
were housed in metabolism crates for a 10-d period, limit fed, and feces were collected. On d 46, 
pigs were euthanized and ileal, cecal, and colonic digesta were collected. Data were analyzed as 
a linear mixed model with block and replication as random effects, and treatment as a fixed 
effect. Compared to LF, HF reduced the apparent ileal digestibility (AID), apparent cecal 
digestibility (ACED), apparent colonic digestibility (ACOD), and apparent total tract 
digestibility (ATTD) of dry matter (DM), gross energy (GE), crude protein (CP), acid detergent 
69 
 
fiber (ADF), NDF, and hemicellulose (P < 0.01). Relative to HF, HF+XY improved the AID of 
GE, CP, and NDF (P < 0.05), and improved the ACED, ACOD, and ATTD of DM, GE, CP, 
NDF, ADF, and hemicellulose (P < 0.05). Pigs fed HF had increased hindgut DM disappearance 
(P = 0.031). Relative to HF, HF+XY improved cecal fermentation of DM and NDF by 67% and 
216%, respectively (P < 0.05). Compared to LF, HF reduced total cecal short chain fatty acid 
concentration, but HF+XY and HF+AX increased cecal acetate concentrations (P < 0.05). Pigs 
fed xylanase had the greatest colonic concentration of butyrate (P < 0.05). Compared to LF, HF 
increased ileal, cecal, and colonic viscosity, but HF+XY decreased ileal viscosity compared to 
HF (P < 0.001). Increased insoluble corn-based fiber decreases digestibility, reduces cecal 
fermentation, and increases digesta viscosity, but supplementing xylanase partially mitigated that 
effect when given apparently sufficient adaptation time. 
Introduction 
Globally, industrial co-products of the dry and wet milling of cereal grains are often 
included in swine diets to reduce feed cost; however, they contain greater levels of non-starch 
polysaccharides (NSP) than their parent grain (Jaworski et al., 2015). It has been well established 
that pigs lack the enzymes required to digest NSP, and that increased dietary NSP can reduce 
nutrient and energy digestibility, impair hindgut fermentation, and increase digesta viscosity and 
rate of passage, resulting in decreased pig performance and carcass yield (Le Goff et al., 2002; 
Gutierrez et al., 2013; Weber et al., 2015). Supplementing exogenous carbohydrases may aid in 
ameliorating these negative effects, but their efficacy likely depends on the source, type, 
structure, and physicochemical properties of the NSP within the diet (Patience and Petry, 2019).  
Arabinoxylan is the major constituent of the NSP found in industrial co-products 
produced from corn (Jaworski et al., 2015). Corn-based arabinoxylans are poorly fermented due 
to their increased substitution with L- arabinofuranosyl side chains, and poor solubility (Bach 
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Knudsen, 2014). Xylanase, a carbohydrase that hydrolyzes the β-(1-4) glycosidic bonds of 
arabinoxylan, may improve nutrient and fiber digestibility and subsequent fermentation by 
degrading arabinoxylan into various mono and oligo-saccharides, releasing trapped nutrients, 
reducing digesta viscosity, or modulating microbiota to improve fermentation (Adeola, 2011; De 
Vries et al., 2012; Masey O’Neill et al., 2014). However, xylanase efficacy in pigs fed corn-
based diets is variable and inadequately understood.  
There are contradicting reports on xylanase’s efficacy to improve nutrient and energy 
digestibility, fermentation, and growth performance in growing pigs (Torres-Pitarch et al., 2019). 
The causes for these inconsistencies could be the length of time of xylanase supplementation, 
dietary fiber concentration, or the physicochemical properties of insoluble corn-based fiber 
(Patience and Petry, 2019; Torres-Pitarch et al., 2019). Digestibility studies often utilize short 
adaptation periods, less than 10 days, and recent research suggests that xylanase, when 
supplemented in the presence of corn-based fiber, requires between 14 and 27 d of 
supplementation to improve growth performance, and greater than 25 d to improve fiber 
digestibility in the upper small intestine (Petry et al., 2020a; Petry et al., 2020b). Thus, the 
experiment objective was to evaluate the impact of xylanase on nutrient and energy digestibility, 
nutrient flow, fermentation, and viscosity in the ileum, cecum, colon, and the total tract of 
growing pigs fed a diet high in insoluble fiber and given a longer adaptation time than what is 
typically reported. It was hypothesized that when given sufficient adaptation time and substrate, 
xylanase would improve nutrient flow, nutrient and energy digestibility, fermentation, and alter 
digesta viscosity of growing pigs fed insoluble corn-based fiber. 
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Materials and Methods  
Animals and Experimental Design  
All experimental procedures adhered to guidelines for the ethical and humane use of 
animals for research according to the Guide for the Care and Use of Agricultural Animals in 
Research and Teaching (FASS, 2010), and were approved by the Iowa State University 
Institutional Animal Care and Use Committee (#9-17-8613-S). This research is in continuance of 
a previously published study, and readers are referred to Petry et al., (2020b) for extensive 
experimental methods. Animal and experimental methods reported herein are adapted from Petry 
et al., (2020b), and are provided to briefly orient readers to the study and treatment design, and 
all analytical methods unique to these data reported herein are provided.  
In brief, 60 gilts with an initial body weight of 25.4 ± 0.9 kg were used in 3 replicates of 
a 46-d trial. Pigs were individually housed and fed ad libitum for 36 days followed by a 10-d 
metabolism study. Pigs were blocked by initial body weight and randomly assigned to 1 of 4 
dietary treatments: a low-fiber control [LF, 7.5% neutral detergent fiber (NDF)]; a 30% corn 
bran without solubles higher-fiber control (HF, 21.9% NDF); HF+100 mg xylanase/kg [HF+XY, 
(Econase XT 25P; AB Vista, Marlborough, UK)] providing 16,000 birch xylan units per kg; and 
HF+50 mg arabinoxylan-oligosaccharide/kg [HF+AX, (3–7 degrees of polymerization)]. During 
the metabolism study, pigs were limit fed 80% of the average daily feed intake among all 
treatments of the first replicate, and the daily feed allotment was split into two feedings at 0700 
and 1500 h. 
Experimental diets were manufactured in mash form and formulated to meet or exceed 
the nutritional requirements of growing pigs according to National Research Council (2012), and 
diets fed during the metabolism period are depicted in Table 1. The level of energy in the diet 
was allowed to float; equalizing energy in both the high and low fiber diets would have required 
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the use of supplemental fat which itself would have confounded the experiment. Avoiding 
excessive change in diet composition was considered to be a higher priority for the metabolism 
study, especially because the focus was on nutrient utilization and characteristics of the digesta. 
Chromium trioxide (Cr2O3) was included as an indigestible marker to calculate digestibility 
coefficients. Diet samples were collected during mixing and stored at -20°C for future analysis. 
Sample Collections  
Fecal samples were collected from d 43 to 46 of the metabolism study and were 
immediately stored at -20°C for subsequent analysis. On d 46, after the 0700 feeding, pigs were 
euthanized by captive bolt stunning followed by exsanguination. Digesta from a 156 cm section 
of ileal intestine cranial to the ileocecal junction, from the cecum, and from the ascending 
portion of the spiral colon, were collected, subsampled, and snap-frozen in liquid nitrogen and 
stored at -20°C for subsequent analyses. 
Analytical Methods 
After the completion of each replicate, fecal samples were thawed, homogenized within 
pig, and subsampled. Fecal and diet subsamples were dried in a convection oven at 60°C until a 
constant weight was achieved. Digesta samples were lyophilized. All dried samples were ground 
through a 1-mm screen using a Wiley Mill (Variable Speed Digital ED-5 Wiley Mill; Thomas 
Scientific, Swedesboro, NJ). After grinding, all samples were stored in desiccators to maintain 
dry matter (DM) content. Diets were analyzed in duplicate for acid-hydrolyzed ether extract 
(aEE; method 2003.06 of AOAC, 2007) and starch (Megazyme total starch assay kit, Wicklow, 
Ireland; modified method 996.11 of AOAC, 2007). Diet, digesta, and fecal samples were 
analyzed in duplicate for DM (method 930.15 of AOAC, 2007), Cr2O3 (Fenton and Fenton, 
1979), and nitrogen (TruMac; LECO Corp., St. Joseph, MI; method 990.03 of AOAC, 2007). An 
ethylenediaminetetraacetate sample (9.56% nitrogen; determined to have 9.56 ± 0.03% nitrogen) 
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was used for standard calibration and crude protein (CP) was calculated as nitrogen × 6.25. Diets 
were analyzed in triplicate for NDF (Van Soest and Robertson, 1979) and for acid detergent fiber 
(ADF; Goering and Van Soest, 1970). Hemicellulose was calculated as NDF minus ADF. The 
gross energy (GE) of diet, digesta, and fecal samples were determined in duplicate using an 
isoperibolic bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL). Benzoic acid 
(6318 kcal GE/kg; Parr Instrument Co.) was used as the standard for calibration and was 
determined to contain 6320 ± 0.94 kcal GE/kg.  
The pH of ileal, cecal, and colonic digesta was measured using a portable pH meter (pH 
150 Meter Kit, Oakton Instruments, Vernon Hills, IL), and the pH was adjusted for sample 
temperature using an established temperature curve from the manufacturer. Ileal, cecal, and 
colonic digesta short chain fatty acids (SCFA) concentration were measured via gas 
chromatography in triplicate. In brief, wet cecal and colonic digesta (1 g) was diluted with 5 mL 
of deionized water and mixed overnight on a rocking platform before centrifugation at 20,000 × 
g for 20 min at 4°C. The supernatant (1 mL) was placed into a gas chromatography (GC) vial 
with 0.3 g of NaCl and 100 μL of phosphoric acid. Ileal digesta (2 g) was centrifuged at 20,000 × 
g for 20 min at 4°C before the supernatant (1 mL) was placed into a new tube with 100 μL of 
phosphoric acid. The tubes were centrifuged at 4,000 × g for 10 min at 4°C and the supernatant 
(1 mL) was placed into a GC vial with 0.3 g of NaCl. The prepared samples were frozen at -20°C 
and sent to an external laboratory (USDA-ARS-MWA-NLAE, Ames, IA) for GC analysis 
(Agilent 7890A Gas Chromatograph, Agilent Technologies Inc., Wilmington, DE) using 





the sum of acetate, propionate, and butyrate. Digesta SCFA concentration was expressed both as 
mM of SCFA/L of digesta, and as the molar proportions of individual SCFA (%) relative to the 
total SCFA concentration.  
The viscosity of ileal, cecal, and colonic whole digesta were measured using a DV 
rotational viscometer equipped with a V3 vane mixing spindle (Brookfield, Middleboro, MA, 
USA). Briefly, samples were incubated in a water bath at 90°C for 30 minutes to cease enzyme 
activity. Samples were then homogenized by mixing with a spatula and cooled to 37°C in a water 
bath. Approximately 30 ml of digesta was placed in 100 ml glass beakers with a diameter of 5.2 
cm and measured at 0.5, 1, 2, 4, 10, and 20 revolutions per minute. Sample temperature was 
maintained at 37°C ± 0.5 to simulate a physiologically relevant impact of temperature on 
viscosity. Due to the non-Newtonian shear-thinning nature of digesta (Fig. 1), a viscosity value 
for a given sample was expressed as the intercept of the exponential relationship of the observed 
shear thinning behaviour in Pa×s. 
Calculations 
The apparent ileal digestibility (AID), apparent cecal digestibility (ACED), apparent 
colonic digestibility (ACOD), and apparent total tract digestibility (ATTD) of DM, GE, CP, 
NDF, ADF, and hemicellulose were calculated according to the equation of Oresanya et al. 
(2007):  
AID, ACED, ACOD, or ATTD % = {100 – [100 × (% Cr2O3 in feed / % Cr2O3 in ileal, 
cecal, and colonic digesta or feces) × (concentration of component in ileal, cecal, and colonic 
digesta or feces / concentration of component in feed)]}. 
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The flow of DM (DMI g/d) or NDF (g/d of NDF intake) within the digestive tract were 
calculated using the methodology of Weiland (2017), and expressed on a weight and proportion 
of intake basis:  
Disappearance prior to the terminal ileum = [intake of component – amount remaining at 
terminal ileum (calculated as concentration of component in digesta × (Cr2O3 in diet / Cr2O3 
in digesta) ] 
Hindgut disappearance = [amount remaining at terminal ileum – amount excreted in 
feces(calculated as concentration of component in feces × (Cr2O3 in diet / Cr2O3 in feces)] 
Cecal disappearance = [(ACED% of a given component × intake of component)- 
disappearance prior to the terminal ileum] 
Colonic disappearance = [(ATTD% of a given component × intake of component)-( 
disappearance prior to the terminal ileum+ cecal disappearance)] 
Statistical Analysis 
Data were analyzed according to the following mixed model using PROC MIXED in 
SAS 9.3 (SAS Inst., Cary, NC):  
?!"#$ = 	@ + A!	 + B" + C#	 + D!"#$ 
where ?!"#$ is the observed value for lth experimental unit within the ith level of dietary 
treatment of the jth block for the lth pig in the kth replicate; @ is the general mean; A!	 is the fixed 
effect of the ith diet (i= 1 to 4); B" is the random effect of the jth block (j=1 to 5); C#	is the random 
effect of the kth replicate (k=1 to 3); and D!"#$ is the associated variance as described by the 
model for ?!"#$ (l=1 through 60); assuming B" 	~F G0, IJ&!
' K , C#		~F(0, IJ("	
' ), and 
D!"#$ 	~F(0, IJ)'), where I is the identity matrix.  
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The normality and homogeneity of the studentized residuals from the reported model 
were verified. Outliers were removed if studentized residuals were greater than 3 standard 
deviations away from the mean residual. Least square means were separated using Fisher’s Least 
Significant Difference test, and treatment differences were considered significant if P≤	0.05 and 
trends if 0.05>P < 0.10. 
Results  
All gilts completed the experiment. Diarrhea was observed in a few gilts during the 
adaptation period in replicates 2 and 3, and all pigs within the replicate were treated with tylosin 
phosphate according to label instructions. No interaction between treatment and replicate was 
observed for the reported dependent variables, and thus the effect of replicate was implemented 
as a random effect.  
Physicochemical Properties of Digesta  
Irrespective of collection site, digesta viscosity displayed shear thinning behavior in that 
as shear force increased, digesta viscosity decreased (Fig. 1). As expected, the more distal the 
collection site, relative to the ileum, the greater the digesta viscosity. Compared to LF, HF 
increased ileal viscosity by 261%, but the addition of xylanase partially mitigated that effect, as 
HF+XY had 26% lower ileal viscosity compared to HF (Table 2; P < 0.001). In both the cecum 
and proximal colon, LF had lower digesta viscosity (P < 0.001). Pigs fed HF and HF+AX had 
increased ileal pH relative to LF and HF+XY (P = 0.001). However, cecal and colonic pH did 
not differ among treatments (P = 0.193 and P = 0.399, respectively). 
Fermentation 
Ileal acetate, propionate, butyrate, and total SCFA concentration did not differ among 
treatments (Table 2; P > 0.63). Likewise, ileal SCFA molar proportions did not differ among 
treatments (Fig. 2; P > 0.05). In the cecum, compared to LF, HF reduced total SCFA 
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concentration (91.7 vs. 82.8 mM/L; P < 0.05). However, HF+XY and HF+AX increased total 
SCFA concentration by 31% and 13% over HF, respectively (P<0.05). The majority of this 
increment is due to the 39% and 15% increase in cecal acetate concentration observed in HF+XY 
and HF+AX, respectively (P = 0.011). However, when cecal acetate concentrations are 
expressed as molar proportions, HF+AX did not differ from HF (P > 0.10). Compared to LF, HF 
decreased cecal propionate concentrations, but HF+XY had greater propionate than HF (P = 
0.021). When cecal propionate concentrations are expressed as molar proportions, LF had a 
greater proportion of propionate relative to the other treatments (P < 0.05). Likewise, LF had the 
greatest proportion of butyrate in the cecum, and HF+XY had the lowest (P < 0.05). Colonic 
acetate, propionate, and total SCFA concentration did not differ among treatments (P > 0.27). 
Among all treatments, pigs fed xylanase had the greatest concentration and molar proportion of 
butyrate in the colon (P < 0.05). 
Nutrient and Energy Digestibility 
Compared to LF, HF reduced the AID of DM by 25%, and xylanase partially mitigated 
this effect, increasing the AID of DM by 10% relative to HF (Table 3; P < 0.001). Similarly, 
when compared to LF, HF reduced the AID of GE by 24.4%, and HF+XY increased the AID of 
GE by 7% relative to HF (P < 0.001). The AID of CP was 6.9% lower in pigs fed HF, relative to 
LF (P < 0.01), but pigs fed HF+XY and HF+AX had 4 and 2% greater AID of CP relative to HF, 
respectively (P < 0.05). Likewise, compared to LF, HF reduced the AID of NDF by 34 %, but 
HF+XY and HF+AX had 20%  and 14% greater AID of NDF, compared to HF, respectively (P < 
0.001). Pigs fed HF+XY had 14.1% and 24% greater AID of ADF than LF and HF, respectively 
(P = 0.023). The AID of hemicellulose was 34% greater in LF when compared to HF (P < 0.01), 




When compared to LF, HF reduced the ACED of DM, GE, CP, NDF, ADF, and 
hemicellulose by 20.3%, 18.3%, 4.2%, 30.1%, 20.6%, and 34.7%, respectively (P < 0.01). 
However, relative to HF, the addition of xylanase improved the ACED of DM, GE, CP, NDF, 
and hemicellulose by 7.3%, 6.4%, 4.4%, 29.4%, and 28.4%, respectively (P < 0.05). Pigs fed 
HF+XY had 34.5% and 17.4%  greater ACED of ADF compared to HF and LF, respectively (P 
< 0.05). The ACED of DM, GE, CP, NDF, ADF, and hemicellulose of pigs fed HF+AX did not 
differ from HF (P > 0.05). Relative to LF, HF reduced the ACOD of DM, GE, CP, NDF, ADF, 
and hemicellulose by 16.4%, 15.4%, 5.9%, 35.9%, 21.7%, and 30.3%, respectively (P < 0.01). 
Xylanase partially mitigated this impact, improving the ACOD of DM, GE, CP, NDF, and 
hemicellulose, relative to HF, by 2.4%, 1.9%, 2.1%, 11.7%, and 6.3%, respectively (P <0 
.05).The ATTD of DM, GE, CP, NDF, ADF, and hemicellulose was 17.4%, 15%, 6.2%, 29.8%, 
27.5% and 31% greater in pigs fed LF, relative to HF, respectively (P < 0.001). However, the 
ATTD of DM, GE, CP, NDF, ADF, and hemicellulose in pigs fed HF+XY was 3.5%, 2.2%, 3%, 
21.2%, 21.5%, and 19.5% greater than LF, respectively (P < 0.05). The ATTD of DM, GE, CP, 
NDF, ADF, and hemicellulose of pigs fed HF+AX did not differ from HF (P > 0.05). 
DM and NDF Flow 
By design, DMI was similar among treatments, and NDF intake was greater in the high 
fiber treatments (Table 4). Pigs fed LF had the greatest disappearance of DM in the small 
intestine, and pigs fed HF+XY digested 80 more g of DM in the ileum than HF (P = 0.006). 
Interestingly, HF had the greatest hindgut disappearance of DM among treatments, whereas LF 
had the lowest (P = 0.031). This can be attributed to the increase in post-cecal DM disappearance 
observed in HF (P = 0.034). However, pigs fed HF+XY had greater cecal disappearance of DM 
and NDF (P = 0.008 and P < 0.001, respectively). Relative to HF, the addition of xylanase 
improved the fermentation of DM and NDF by 67% and 216% in the cecum, respectively (P < 
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0.05). When expressed on a weight basis, LF had lower post-cecal disappearance of NDF 
relative to HF (P < 0.05), but when expressed as a proportion of NDF intake, LF had a greater 
proportion of its NDF intake digested post the cecum (P < 0.05). Pigs fed HF excreted 410% 
more NDF, and 118% more DM when compared to LF (P < 0.01). However, xylanase partially 
mitigated this effect, reducing DM and NDF excretion by 11.8% and 10.2% relative to HF, 
respectively (P < 0.05). 
Discussion  
When economically warranted, swine nutritionists will formulate diets with industrial co-
products to reduce feed cost, but this frequently increases dietary NSP concentrations and lowers 
dietary starch (Acosta et al., 2020). This was observed herein as HF contains almost 3 times the 
amount of NDF compared to LF, and 42.7% less starch. It has been well established that pigs are 
poor utilizers of NSP and increasing insoluble dietary NSP concentrations will decrease nutrient 
and energy digestibility (Acosta et al., 2020), reduce hindgut fermentation (Gutierrez et al., 
2013), impair pig performance and carcass yield (Beaulieu et al., 2009), and dilute dietary energy 
(Gutierrez et al., 2013). Thus, it is logical that the addition of 30% corn bran without solubles in 
this study, an industrial co-product high in NSP, markedly decreased nutrient and energy 
digestibility along the gastrointestinal tract and decreased markers of fermentation in the cecum, 
and is an agreement with others who utilized corn-based industrial co-products (Acosta et al., 
2020; Gutierrez et al., 2013). 
Carbohydrases can be supplemented to partially ameliorate the antinutritive effects of 
NSP by hydrolyzing a targeted substrate, potentially resulting in improved nutrient digestibility, 
increased NSP fermentation, and mitigation of the negative physicochemical properties 
associated with certain NSP types (Bedford, 2018). Xylanase, a carbohydrase that targets 
arabinoxylans, is sometimes supplemented in corn-based diets to mitigate the antinutritive effects 
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of insoluble corn-based fiber. Xylanase is consistently effective in poultry fed insoluble corn-
based fiber (Raza et al., 2019), but in swine, studies often show no improvements in growth 
performance, and marginal and inconsistent improvements in nutrient and energy digestibility 
(Abelilla and Stein, 2019; Petry et al., 2019; Torres-Pitarch et al., 2019). Numerous explanations 
have been proposed for these inconsistent responses; length of supplementation, fiber type, and 
NSP concentration are among the most commonly cited (Patience and Petry, 2019; Torres-
Pitarch et al., 2019). Digestibility studies evaluating xylanase often use short adaptation periods, 
less than 10 days, and NDF concentrations less than 18% (Abelilla and Stein, 2019; Torres-
Pitarch et al., 2019). As such, one objective of this study was to evaluate the impact of xylanase 
in growing pigs fed a diet higher in insoluble fiber and given a longer adaptation time than what 
is typically reported in the enzyme literature. In this study, xylanase supplementation improved 
nutrient and energy digestibility and drastically increased cecal fermentation, as evident through 
increased cecal SCFA production, ACED of NDF, and disappearance of NDF in the cecum. 
Xylanase efficacy in this study, relative to that reported in others, may be a result of the longer 
adaptation time. Xylanase has been shown to improve upper small intestine NDF digestibility 
and growth performance with increasing supplementation time in growing pigs fed insoluble 
corn-based fiber (Petry et al., 2020a; Petry et al., 2020b). 
The improvements in the AID of energy and nutrients observed in HF+XY are in 
agreement with Passos et al (2015) who reported a linear improvement in the AID of DM, GE, 
and NDF in growing barrows fed a corn-soybean meal-based diet with increasing xylanase 
supplementation, and with Tiwari et al., (2018), who found improvements in the AID of GE and 
NSP in nursery pigs fed corn-based diets with xylanase. However, others have reported no 
improvement in the AID of similar dietary components with xylanase supplementation in corn-
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based diets (Abelilla and Stein, 2019). Several mechanisms of action for how xylanase could 
improve nutrient and energy digestibility have been proposed. Logically, xylanase may increase 
fiber and energy digestibility through arabinoxylan hydrolysis (Tiwari et al., 2018), xylanase 
may partially mitigate the nutrient encapsulation effect of NSP by degrading cell walls and 
releasing trapped nutrients (Le et al., 2013), and xylanase could ameliorate NSP physicochemical 
properties that negatively impact nutrient digestibility (De Vries et al., 2012). 
It is likely that xylanase is hydrolyzing the arabinoxylan structure into smaller fragments 
that can be directly utilized by the pig (i.e. xylose and arabinose) or fermented in the distal ileum 
(i.e. arabino-xylooligosaccharides; AXOS), with the latter being produced at a higher 
concentration (Pedersen et al., 2015). There is in vitro and in vivo evidence suggesting xylanase 
releases AXOS from wheat (Pedersen et al., 2015; Ravn et al., 2017). Moreover, in corn-based 
diets, xylanase increases the production of soluble NSP in ileal digesta, and this is likely a result 
of increased soluble AXOS production (Tiwari et al., 2018). Xylanase-produced AXOS can be 
fermented by gastrointestinal microbiota producing SCFA that can be utilized by the pig. These 
data suggest that fermentation may start in the distal ileum, as evidenced by the reduction in ileal 
pH observed in HF+XY, but it was not substantial enough to alter SCFA composition or 
production. Potentially, xylanase did increase ileal SCFA production, but those SCFA were 
rapidly absorbed, and not captured in the SCFA analysis of digesta at one point in time. The 
increases in total SCFA and acetate concentration in the cecal digesta, ACED of NDF, and cecal 
disappearance of NDF, suggest xylanase improves cecal fermentation by providing a more 
favorable substrate in the ileal effluent, such as soluble AXOS. However, directly supplementing 
AXOS in this study did not elicit a response similar to xylanase, and this is contradictory to when 
AXOS is directly supplemented in poultry diets (Bautil et al., 2018; Morgan et al., 2019). 
82 
 
Although, poultry and swine are both monogastrics, there are key differences in their 
gastrointestinal anatomy, particularly the length of their small intestine relative to their body 
weight (Moran, 1982). Potentially, the AXOS supplemented in HF+AX was largely fermented in 
the distal ileum, and thus, unable to modulate digestibility in the hindgut. Supplementing 
xylanase directly may produce a greater ileal AXOS concentration than what was supplemented 
in HF+AX and would continue to produce AXOS throughout the gastrointestinal tract (Pedersen 
et al., 2015). 
Xylanase-produced AXOS may act in a stimbiotic manner by modulating intestinal 
microbiota, increasing microbial diversity, and upregulating fiber-degrading microbial 
communities that will increase the ability of the large intestine to ferment fiber (Bedford, 2018; 
Zhang et al.,2018). A stimbiotic, as defined by González-Ortiz et al., (2019) ,is an additive that 
stimulates a fiber-degrading microbiome resulting in an increase in fiber fermentability even 
though the additive itself contributes little to SCFA production. Indeed, the stark increase in 
cecal SCFA production observed herein suggest xylanase likely altered intestinal microbiota to 
favor fiber fermentation. This is further confirmed by the increase in cecal acetate production; 
acetate is a major fermentation product of soluble xylan degradation in the gastrointestinal tract 
in humans (Macfarlane and Macfarlane, 2006). Furthermore, in vitro fermentation of corn dried 
distiller grain without solubles with xylanase has shown to increase acetate production (Tiwari et 
al., 2018), and an enzyme blend supplemented with corn bran increased fecal acetate production 
(Zhao et al., 2020). Likewise, xylanase supplementation herein increased colonic butyrate 
production, and this is in agreement with increased butyrate production from in vitro 
fermentation of AXOS produced from xylanase hydrolysis of insoluble wheat bran (Ravn et al., 
2017). Furthermore, xylanase may upregulate butyrate production indirectly via the metabolism 
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of xylitol, a metabolic by-product of xylose fermentation, which in vitro upregulates butyric 
microbiota Phascolarctobacterium and Bifidobacterium (Xu et al., 2019). Furthermore, the 
modulation of acetate and butyrate production in the hindgut may partially explain unexpected 
health benefits of xylanase use in commercial swine production, such as reduced mortality and 
increased markers of gut health (Duarte et al., 2019; Zier-Rush et al., 2016). Butyrate is the 
preferential energy source for colonocytes and can impact colonic health and gut barrier integrity 
through mediation of the nuclear NF-kB pathway and histone deacetylase inhibition (Bach 
Knudsen et al., 2018). Likewise, acetate can interact with G protein coupled FFAR2 receptors to 
activate the NLRP3 inflammasome pathway, which is known to modulate intestinal epithelial 
integrity, repair, and homeostasis (Macia et al., 2015). 
The impact of xylanase on CP and ADF digestibility observed herein may be better 
explained by the mitigation of the nutrient encapsulation effect of NSP (Le et al., 2013). 
Xylanase can disrupt the structural integrity of plant cell walls through degradation of 
arabinoxylan, exposing stored starch and protein granules to endogenous enzymes in the small 
intestine, and to hindgut microbiota, possibly resulting in improved nutrient digestibility and 
fermentation (Jha et al.,2015). Likewise, this effect could theoretically improve cellulolytic 
bacteria access to cellulose, which would support the improvement in ADF digestibility observed 
herein and also reported by Tsai et al., (2017). The improvements in ADF digestibity may also 
be explained by the release of soluble feruloylated AXOS by xylanase, which has been observed 
in vitro (Malunga and Beta, 2016). Corn arabinoxylan is highly substituted with ferulic acid, and 
ferulic acid is captured in the ADF fraction of detergent fiber analysis. Potentially, if xylanase 




It is well known in poultry that xylanase can improve the digestibility of certain cereal 
grains by decreasing digesta viscosity (Masey O’Neill et al., 2014). Soluble high molecular 
weight arabinoxylans increase the viscosity of digesta and reduce nutrient digestibility by 
forming gels that prevent the interaction of endogenous enzymes with nutrients (Dikeman and 
Fahey, 2006). However, corn-based fiber is highly insoluble in nature and does not form viscous 
gels. Conversely, it could be reasonably hypothesized that if xylanase increases the concentration 
of soluble NSP, like Tiwari et al. (2018) observed, then it could potentially increase the viscous 
nature of digesta. However, in this study we found opposing results, in that xylanase reduced 
ileal digesta viscosity. The impact of xylanase on digesta viscosity in pigs, irrespective of cereal 
type, is quite variable (Passos et al., 2015;Tiwari et al., 2018; Willamil et al.,2012). This 
variability may not be a function of xylanase, but rather an artefact of the method utilized for 
measuring viscosity. Intestinal digesta expresses pseudoplastic shear thinning behavior, in that as 
shear rate increases, viscosity decreases (Dikeman and Fahey, 2006). As such, measuring digesta 
viscosity at one shear rate may not adequately explain the rheological nature of digesta, or the 
influence of xylanase on viscosity. Likewise, measuring the viscosity of digesta supernatant is 
not directly indicative of the rheological properties of whole digesta (Dikeman et al., 2007). 
Increasing dietary NDF through the addition of corn bran without solubles increased digesta 
viscosity across the gastrointestinal tract. This is likely a function of increased digesta DM, as it 
has been shown that increased AID of DM decreases digesta viscosity when measured on whole 
digesta (Dikeman et al., 2006). This may explain the decreased ileal viscosity observed in LF and 
HF+XY. 
Conclusions 
In conclusion, increasing dietary NDF through the addition of corn bran without solubles 
decreased energy and nutrient digestibility, altered the flow of DM and NDF, reduced cecal 
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fermentation, and increased digesta viscosity. Supplementing xylanase, but not AXOS, partially 
mitigated the antinutritive effect of corn-based fiber on energy and nutrient digestibility and 
fermentation. This is likely occurring through mitigating the nutrient encapsulation effect of 
NSP, and by producing soluble AXOS which can be fermented by intestinal microbiota and act 
as a stimbiotic to favor fiber fermentation. However, the impact of xylanase on digesta viscosity 
maybe limited to the small intestine, and it appears xylanase does not impact digesta viscosity in 
the large intestine, where xylanase’s efficacy to improve digestibility was greatest. 
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Table 3.1. Ingredient and nutrient composition (as-fed) of experimental diets fed during 
metabolism study1 
1 Adapted from Petry et al., 2020b 
2 Treatments include: low-fiber control (LF) = basal corn-soybean diet; high-fiber control (HF) = basal corn-soybean 
diet with 30% corn bran at the expense of corn; HF with the addition of xylanase (HF+XY); HF with the addition of 
arabinoxylan-oligosaccharide (HF+AX).   
3 Mineral premix provided the following (per kg diet): 165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 
39 mg of Mn (manganese sulfate); 16.5 mg of Cu (copper sulfate); 0.3 mg of I (calcium iodate); 0.3 mg of Se 
(sodium selenite) 
4 Vitamin premix provided the following (per kg diet): 6,125 IU of vitamin A; 700 IU of vitamin D3; 50 IU of 
vitamin E; 3 mg of menadione (to provide vitamin K); 11 mg of riboflavin; 27 mg of d-pantothenic acid; 0.05mg of 
vitamin B12, and 56 mg of niacin.  
5 Quantum Blue 5G, AB Vista, Marlborough, UK 
6 Xylanase, AB Vista, Marlborough, UK; inclusion level provided 16,000 birch xylan units per kg 
7 3-7 degrees of polymerization 
8 TSAA = total sulfur amino acids (Met + Cys)  
Item  
Treatment2  
LF HF HF+XY HF+AX 
Ingredient composition, %     
Corn 75.996 45.975 45.965 45.970 
Corn bran without solubles  0.000 30.000 30.000 30.000 
Soybean meal, 46.5% 20.566 20.566 20.566 20.566 
Limestone  1.182 1.159 1.159 1.159 
Monocalcium phosphate 21%  0.504 0.593 0.593 0.593 
Sodium chloride 0.500 0.500 0.500 0.500 
Cr2O3 0.500 0.500 0.500 0.500 
L-lysine HCl 0.295 0.267 0.267 0.267 
Trace mineral premix3 0.200 0.200 0.200 0.200 
Vitamin premix4 0.140 0.140 0.140 0.140 
L-Threonine  0.067 0.054 0.054 0.054 
DL-Methionine  0.043 0.041 0.041 0.041 
Phytase5 0.005 0.005 0.005 0.005 
Xylanase6 0.000 0.000 0.010 0.000 
Arabinoxylan-oligosaccharide7 0.000 0.000 0.000 0.005 
Calculated nutrients,%     
Standard Ileal Digestible Lysine, % 0.92 0.92 0.92 0.92 
Standard Ileal Digestible TSAA8:Lysine 0.56 0.56 0.56 0.56 
Standard Ileal Digestible Threonine: Lysine 0.61 0.61 0.61 0.61 
Standard Ileal Digestible Trpytophan:Lysine 0.17 0.17 0.17 0.17 
Calcium, % 0.63 0.63 0.63 0.63 
Standardized Total Tract Digestible Phosphorus, % 0.31 0.31 0.31 0.31 
Metabolizable Energy Mcal/kg 3.26 3.02 3.02 3.02 
Net Energy, Mcal/kg 2.46 2.26 2.26 2.26 
Analyzed composition,%     
DM 89.12 89.81 89.98 90.15 
Starch 41.08 23.55 23.70 23.11 
CP  15.56 15.54 15.47 15.60 
NDF 7.54 21.91 22.12 22.08 
ADF  2.41 5.53 5.78 5.59 
aEE 2.48 2.74 2.82 2.89 
Cr2O3 0.49 0.49 0.49 0.49 
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P-value Item LF HF HF+XY HF+AX 
Digesta Viscosity3, Pa∙s       
Ileal 2.7a 9.7b 7.2c 9.3b 0.4  <0.001 
Cecal 7.3a 13.5b 12.5b 13.1b 0.7 <0.001 
Colonic 372.1a 478.6b 465.4b 460.7b 13.8 <0.001 
Digesta pH       
Ileal 6.79a 7.29b 6.68a 7.11b 0.25 0.001 
Cecal 5.93 6.02 6.07 6.10 0.34 0.193 
Colonic 6.39 6.38 6.34 6.52 0.30 0.399 
Ileal digesta SCFA, mM/L       
Acetate 13.74 12.34 12.03 14.87 2.29 0.765 
Propionate 0.17 0.18 0.18 0.21 0.06 0.738 
Butyrate 1.02 1.04 1.36 0.71 0.35 0.625 
Total 14.93 13.56 13.57 15.81 2.41 0.873 
Cecal digesta SCFA, mM/L       
Acetate 53.95a 53.24a 74.39c 61.22b 5.77 0.011 
Propionate 30.53a 21.88b 25.59c 23.56b 2.36 0.021 
Butyrate 10.23 7.66 8.98 7.41 1.95 0.078 
Total 91.71a 82.79b 108.96c 94.15a 7.65 0.019 
Colonic digesta SCFA, mM/L       
Acetate 64.51 65.23 63.17 63.08 4.63 0.759 
Propionate 23.60 22.10 20.76 21.06 1.95 0.270 
Butyrate 8.97a 10.57a 12.86b 9.75a 0.78 <0.001 
Total 92.56 94.38 92.42 86.70 6.93 0.722 
1 n = 15 pigs per treatment per treatment fed experimental diets for a 36-d adaptation period 
followed by a 10-d metabolism crate study 
2 Dietary treatments include: low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of  xylanase (HF+XY); HF with the addition of arabinoxylan-oligosaccharide (HF+AX). 
3 Viscosity values are the intercept of the exponential relationship of the observed shear thinning 
behaviour for a given sample measured a 6 shear force rates  




Table 3.3. Effect of treatment1 on the AID, ACED, ACOD, and ATTD, of DM, GE, CP, NDF, 
ADF, and hemicellulose. 
1n = 15 pigs per treatment per treatment fed experimental diets for a 36-d adaptation period followed by a 
10-d metabolism crate study 
2 Dietary treatments include: low-fiber control (LF) = basal corn-soybean diet; high-fiber control (HF) = 
basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition of  xylanase 
(HF+XY); HF with the addition of arabinoxylan-oligosaccharide (HF+AX).   
3Apparent ileal digestibility (AID), apparent cecal digestibility (ACED), apparent colonic digestibility 
(ACOD), and apparent total tract digestibility (ATTD)% = {100 – [100 × (% Cr2O3 in feed / % Cr2O3 in 
ileal, cecal, and colonic digesta or feces) × (concentration of component in ileal, cecal, and colonic 
digesta or feces / concentration of component in feed)]}. 




P-value Item3 LF HF HF+XY HF+AX  
AID, %       
DM 74.81a 56.48b 62.38c 57.28b 1.25 <0.001 
GE 80.79a 61.04b 65.69c 62.41b 1.24 <0.001 
CP 80.79a 75.25b 78.52c 76.80c 1.28 <0.001 
NDF 30.82a 20.51b 25.76c 23.85c 2.82 <0.001 
ADF 19.01a 16.82b 22.13c 17.78b 2.23 0.023 
Hemicellulose 36.21a 23.97b 28.26c 23.81b 2.76 <0.001 
ACED, %       
DM 80.23a 63.96b 68.97c 64.59b 0.91 <0.001 
GE 81.30a 66.43b 70.99c 66.69b 0.93 <0.001 
CP 81.57a 78.24b 81.71a 78.83b 0.78 <0.001 
NDF 32.52a 22.74b 32.19a 23.25b 2.89 <0.001 
ADF 21.60a 17.14b 26.15c 19.14b 2.84 <0.001 
Hemicellulose 37.70a 24.59b 34.33c 25.63b 2.70 <0.001 
ACOD, %       
DM 88.68a 74.13b 75.93c 73.80b 0.58 <0.001 
GE 89.30a 75.56b 77.01c 75.19b 0.58 <0.001 
CP 86.83a 81.71b 83.43c 80.78b 0.71 <0.001 
NDF 63.05a 40.43b 46.34c 39.10b 2.18 <0.001 
ADF 51.22a 40.12b 45.44c 39.16 2.55 <0.001 
Hemicellulose 62.10a 40.53b 43.27c 39.08 2.87 <0.001 
ATTD, %       
DM 88.73a 75.59b 78.20c 74.35b 0.67 <0.001 
GE 89.01a 77.40b 79.13c 76.23b 0.88 <0.001 
CP 87.16a 81.77b 84.22c 80.91b 0.77 <0.001 
NDF 63.32a 44.44b 53.86c 42.72b 2.94 <0.001 
ADF 59.12a 42.86b 52.07c 40.19b 2.94 <0.001 
Hemicellulose 64.77a 44.68b 53.40c 43.46b 2.69 <0.001 
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Table 3.4. The influence of treatment1 on NDF and DM flow within the digestive tract and 
proportion of NDF disappearance within in the small intestine, cecum, and post cecum. 
1n = 15 pigs per treatment per treatment fed experimental diets for a 36-d adaptation period 
followed by a 10-d metabolism crate study 
2Dietary treatments include: low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of  xylanase (HF+XY); HF with the addition of arabinoxylan-oligosaccharide (HF+AX).   
3Disappearance prior to the terminal ileum (TI) = [intake of component – amount remaining at 
terminal ileum (calculated as concentration of component in digesta × (Cr2O3 in diet / Cr2O3 in 
digesta)] 
4Hindgut disappearance = [amount remaining at TI– amount excreted in feces] 
5Cecal disappearance = [(ACED% of a given component × intake of component)- disappearance 
prior to the terminal ileum] 
6Colonic disappearance = [(ATTD% of a given component × intake of component)-( 
disappearance prior to the terminal ileum + cecal disappearance)] 
7Excreted in feces= [concentration of component in feces × (Cr2O3 in diet / Cr2O3 in feces)] 
a-cWithin a row, means without a common superscript differ (P  £ 0.05) 
 
 Diet2 
SEM P-value Item LF HF HF+XY HF+AX 
NDF intake, g/d  157 456 460  459 - - 
Disappearance prior to TI3, g 43a 93 b 105 c 100 c 4 <0.001 
Hindgut disappearance4, g 65a 118b 135c 94b 17 0.027 
Cecal disappearance5, g 6a 13a 44b 8a 7 <0.001 
Colonic disappearance6, g 59a 104b 92b 86b 12 <0.001 
Excreted in feces7, g 48a 245b 220c 257b 14 <0.001 
Proportion of NDF Intake, %        
Disappeared  prior to TI 27.6a 20.4b 22.7c 23.7c 2.2 0.012 
Disappeared in cecum  4.1a 3.0a 9.5b 1.8c 2.4 <0.001 
Disappeared post cecum 37.6a 22.8b 19.9c 18.6c 2.3 0.044 
Excreted in feces  30.7a 53.8b 47.9c 55.9b 5.6 <0.001 
DMI g/d 1854 1868 1872 1875 - - 
Disappearance prior to TI, g 1382a 1088b 1168c 1104b 28 0.006 
Hindgut disappearance, g 263a 324b 301c 291c 16 0.031 
Cecal disappearance, g 103a 98a 162c 96a 10 0.008 
Colonic disappearance, g 160a 226b 139a  195b 29 0.034 
Excreted in feces, g 209a 457b 403c 473b 22 0.009 
Proportion of DM Intake, %        
Disappeared prior to TI 74.6a 58.2b 62.4c 59.3b 1.6 0.014 
Disappeared in cecum  5.5a 5.2a 8.7b 5.1a 0.9 0.015 
Disappeared post cecum 8.6a 12.1b 7.4a 10.4b 1.4 0.018 




Figure 3.1. The relationship between measured viscosity at a given shear rate for ileal, cecal, and 
colonic digesta.  
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Figure 3.2. The molar proportion of short chain fatty acids among treatments in ileal, cecal, and 
colonic digesta. Letters within a section of a bar denote statistically differences (P < 0.05) for a 
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Abstract 
The experimental objective was to characterize the impact of insoluble corn-based fiber, 
xylanase, and an arabinoxylan-oligosaccharide on ileal digesta and mucosa microbiome of pigs. 
Three replicates of 20 gilts were blocked by initial body weight, individually-housed, and 
assigned to 1 of 4 dietary treatments: a low-fiber control (LF), a 30% corn bran high-fiber 
control (HF), HF+100 mg/kg xylanase (HF+XY), and HF+50 mg/kg arabinoxylan 
oligosaccharide (HF+AX). Gilts were fed their respective treatments for 46 days. On day 46, 
pigs were euthanized and ileal digesta and mucosa were collected. The V4 region of the 16S 
rDNA was amplified and sequenced, generating a total of 2,413,572 and 1,739,013 high-quality 
sequences from the digesta and mucosa, respectively. Sequences were classified into 1,538 
mucosa and 2,495 digesta operational taxonomic units (OTU). Hidden-state predictions of 25 
enzymes were made using Phylogenetic Investigation of Communities by Reconstruction of 
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Unobserved States 2 (PICRUST2). Compared to LF, HF increased Erysipelotrichaceae_UCG-
002, and Turicibacter in the digesta, Lachnospiraceae_unclassified in the mucosa, and decreased 
Actinobacillus in both (Q<0.05). Relative to HF, HF+XY increased 19 and 14 of the 100 most 
abundant OTUs characterized from digesta and mucosa, respectively (Q<0.05). Notably, 
HF+XY increased the OTU_23_Faecalibacterium by nearly 6 log2-fold change, compared to 
HF. Relative to HF, HF+XY increased genera Bifidobacterium, and Lactobacillus, and decreased 
Streptococcus and Turicibacter in digesta (Q<0.05), and increased Bifidobacterium and 
decreased Escherichia-Shigella in the mucosa (Q<0.05). Compared to HF, HF+AX increased 5 
and 6 of the 100 most abundant OTUs characterized from digesta and mucosa, respectively, 
(Q<0.05), but HF+AX did not modulate similar taxa as HF+XY. The PICRUST2 predictions 
revealed HF+XY increased gene-predictions for enzymes associated with arabinoxylan 
degradation and xylose metabolism in the digesta, and increased enzymes related to short-chain 
fatty acid production in the mucosa. Collectively, these data suggest xylanase elicits a stimbiotic 
and prebiotic mechanism.  
Introduction 
Historically, there has been a discordant view about dietary fiber (DF) among 
monogastric nutritionists. In swine production, DF is often eschewed as much as possible due to 
its antinutritive effects that result in reduced pig performance and carcass yield [1]. In contrast, 
companion animal and human nutritionists have concentrated on the health benefits of increasing 
DF, such as modulation of microbiota, glycemic and appetite control, laxation, disease 
prevention and improved intestinal health [2]. These different perspectives can largely be 
attributed to diet formulation objectives, and the sources of DF used in these different species. 
The inclusion of DF is more intentional in companion animal and human nutrition, as their aim 
for diet composition largely focuses on longevity and weight maintenance, and thus, the 
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aforementioned benefits of providing DF favor its use. Pork production, on the other hand, tends 
to focus on optimizing growth and feed efficiency at low cost, production outcomes that may be 
compromised by increased DF levels. Dietary fiber is most commonly increased in swine diets 
through the use of industrial co-products when they are used to reduce feed cost [3]. There has 
been renewed interest in the benefits of microbial modulation via DF as numerous pork 
producers have moved towards antibiotic-free production [4]. Still, many of the economically 
practicable DF sources for swine diets are largely insoluble and poorly fermented, and thus, 
unable to modulate gut microbiota with the same efficacy as more fermentable DF sources [5,6]. 
Exogenous carbohydrases may bridge the gap between the economics of using insoluble DF 
sources (e.g. industrial co-products) and the health benefits of more rapidly fermentable DF [7].  
Swine diets frequently contain substantial levels of arabinoxylans, a non-starch 
polysaccharide innate to cereal grains; often, they stem from corn and corn co-products [8]. It is 
well established that pigs do not produce the exogenous enzymes needed to hydrolyze 
arabinoxylans. Xylanase is a carbohydrase that hydrolyzes the β-(1-4) glycosidic bonds of 
arabinoxylans, and thus, has the potential to partially ameliorate the antinutritive effects of DF 
[9]. Moreover, an unexpected finding from utilizing xylanase in commercial pork production is 
its ability to reduce finishing pig mortality [10]. Likewise, supplementing xylanase in corn-based 
diets has been shown to modulate immune function [11], alter intestinal morphology [12], 
increase markers indicative of improved gut barrier integrity [13], and mitigate markers of 
oxidative stress [14]. 
It has been hypothesized that these modulations in gastrointestinal physiology are a 
provision of microbial modulation by the release products of xylanase, arabinoxylan 
oligosaccharides [AXOS; 15,16]. These AXOS can be rapidly fermented by resident microbiota, 
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and potentially could act in a prebiotic and/or stimbiotic like manner [16,17]. Prebiotic is defined 
as ‘a substrate that is selectively utilized by host microorganisms conferring a health benefit’ 
[18], and a stimbiotic is defined as a ‘an additive that stimulates a fiber-degrading microbiome 
resulting in an increase in fiber fermentability even though the additive itself contributes little to 
SCFA production’[16]. Currently, there is a paucity of research investigating the composition of 
distal ileal microbiota in pigs fed xylanase supplemented in a corn-based diet. Therefore, the 
experimental objective was to characterize the impact of insoluble fiber, xylanase, and directly 
supplemented AXOS on the ileal digesta and mucosa microbiome of pigs fed corn-based fiber. 
We hypothesized that the addition of xylanase or AXOS would modulate intestinal microbial 
communities that support fiber degradation (stimbiotic mechanism) or would be selectively 
utilized by communities that are known to confer a health benefit (prebiotic mechanism).  
Materials and Methods 
All experimental protocols were approved by the Iowa State University Institutional 
Animal Care and Use Committee (#9-17-8613-S) and adhered to guidelines for the ethical and 
humane use of animals for research according to the Guide for the Care and Use of Agricultural 
Animals in Research and Teaching [19].  
Experimental Design  
The experimental design, animal methods, and diets for this study were previously 
reported by Petry et al., [14] in a related study. In brief, a total of 60 growing gilts (progeny of 
Camborough sows × 337 sires; PIC Inc., Hendersonville, TN) were used in 3 replicates (20 gilts 
per replicate) of a 46-day trial. Gilts were individually housed in pens for 36 days, and 
subsequently moved to metabolism crates for the previously published 10-d metabolism study.  
Pigs were blocked by initial body weight (25.4 ± 0.9 kg) and randomly assigned within a block 
to 1 of 4 dietary treatments: a low-fiber control (LF) with 7.5% neutral detergent fiber (NDF), a 
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30% corn bran without solubles higher-fiber control (HF; NDF= 21.9%), HF + 100 mg 
xylanase/kg (HF+XY; Econase XT 25P; AB Vista, Marlborough, UK) providing 16,000 birch 
xylan units per kg, and HF + 50 mg arabinoxylan-oligosaccharide/kg (HF+AX; 3–7 degrees of 
polymerization). Pigs were fed ad libitum for the 36-day adaptation period, and then limit fed 
80% of the average daily feed intake among all treatments of the first replicate for the 10-day 
metabolism study. Pigs were given ad libitum access to water through the duration of the total 
study.  
Sample Collection, DNA Extraction, and Sequencing  
On day 46, pigs were fed half of their total daily feed allotment, and after consumption, 
were euthanized by captive bolt stunning and exsanguination. Pigs were necropsied and an 
approximately 24-cm section of ileum, 20 cm proximal to the ileocecal junction, was isolated. 
Ileal digesta was collected from this section, snap-frozen in liquid nitrogen, and stored at -80°C 
for later analysis. From this isolated section, a 12-cm portion was rinsed with sterile phosphate 
buffered saline, and mucosa scrapings were carefully collected, snap-frozen in liquid nitrogen, 
and stored at -80°C for later analysis. Total genomic DNA was extracted from ileal mucosa and 
digesta using a DNeasy PowerLyzer PowerSoil Kit (Qiagen, Germantown, MD) according to the 
manufacturer’s instructions. Extracted genomic DNA concentration and purity were evaluated 
using a ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE), and subsequently 
stored at -80°C for later sequencing. All samples had 260:280 nm ratios above 1.82. Extracted 
DNA was adjusted to a total well volume of 125 ng of DNA, and sequencing was conducted in 
the DNA facility at Iowa State University (Ames, IA)  
A PCR-amplified 16S rRNA sequencing was conducted using a previously established 
protocol designed to amplify bacteria and archaea [20]. In brief, one replicate per sample of 
extracted genomic DNA was amplified using Platinum™ Taq DNA Polymerase (Thermo Fisher 
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Scientific, Waltham, MA). Collective 16S rRNA bacterial primers [515F (5′-
GTGYCAGCMGCCGCGGTAA-3′; 21] and 806R [5′-GGACTACNVGGGTWTCTAAT-3′; 22] 
for the hypervariable region V4 were utilized as previously explained by Kozich et al., [23]. All 
samples were subjected to PCR with an initial denaturation step at 94°C for 3 min, followed by 
35 PCR cycles (45s of denaturing at 94°C, 20s of annealing at 50°C, and 90s of extension at 
72°C), and concluded with a 10 min extension at 72°C. Subsequentially, PCR products were 
purified with a QIA quick 96 PCR Purification Kit (Qiagen Sciences Inc, Germantown, MD) 
according to the manufacturer’s recommendations. The bar-coded amplicons were included at 
equal molar ratios and used for Illumina MiSeq paired-end sequencing with 150 bp read length 
and cluster generation with 10% PhiX control DNA on an Illumina MiSeq platform (Illumina 
Inc., San Diego, CA).  
Once sequencing was complete, corresponding paired-end reads were stitched to obtain 
an ultimate amplicon size of 255 bp. The sequencing data for each sample were screened for 
quality and paired-end reads were combined using mothur [v.1.40.4; 24]. Sequences that 
contained ambiguous bases, were shorter than 250bp, longer than 255bp, contained 
homopolymers  > 8 bases in size, and potential chimeric sequences were removed. Remaining 
sequences were then clustered into operational taxonomic units (OTU) with a 99% sequence 
similarity based on a distance matrix generated in mothur. Consensus taxonomy for OTUs were 
assigned using the SILVA SSU database [version 132, 25]. Diversity indices, Shannon, Simpson, 
and Chao1, were computed as previously described [26].  
The hidden-state predictions of gene families and their abundance within a given location 
(mucosa or digesta) were made using Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States 2 [PICRUSt2 v. 2.3.0b, 27], according to default 
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parameters. Briefly, representative 16S rRNA amplicon sequences for each OTU were aligned 
and placed into a phylogenetic tree with relation to reference genomes from the Integrated 
Microbial Genomes database using HMMER [28], EPA-ng [29], and GAPPA[30]. Hidden-state 
gene predictions were determined by castor references [31] based on nearest-sequenced taxon 
index, with a threshold of 2 (OTUs with the nearest-sequenced taxon greater than 2 were 
removed). The hidden-state predictions of 2,064 enzymes from the Enzyme Commission (EC) 
database [32] were characterized. A total of 25 enzymes associated with arabinoxylan 
degradation, pentose metabolism, or short chain fatty acid (SCFA) production were selected 
(Table 1), normalized by predicted 16S rRNA gene copy number per OTU, and subsequentially 
analyzed using preplanned contrast. 
Statistics 
Data were analyzed according to the following statistical model:  
?!"#$ = 	@ + A!	 + B" + C#	 + D!"#$ 
Where ?!"#$ is the observed value for lth experimental unit within the ith level of dietary 
treatment of the jth block for the lth pig in the kth replicate; @ is the general mean; A!	 is the fixed 
effect of the ith diet (i= 1 to 4); B" is the random effect of the jth block (j=1 to 5); C#	is the random 
effect of the kth replicate (k=1 to 3); and D!"#$ is the associated variance as described by the 
model for ?!"#$ (l=1 through 60).  
The absolute abundance of the 100 most abundant OTUs among samples, relative 
abundance of classified genera, and hidden-state predictions of the 25 enzymes of interest were 
analyzed using a negative binomial distribution in GLIMMIX procedure of SAS (Version 9.4, 
SAS Inst., Cary, NC), and they were offset by the total library count for a given sample. All P-
values were corrected for false discovery rates using the MULTITEST procedure of SAS. 
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Diversity indices and were analyzed using PROC MIXED procedure of SAS. Least square 
means were separated using Fisher’s Least Significant Difference test, and treatment differences 
were considered significant if P or Q values were < 0.05 and trends if 0.05 ≥ P or Q< 0.10. For 
the top 100 OTUs and genera classifications with a treatment Q value of < 0.05, the log2-fold 
change was calculated comparing LF vs HF, HF vs. HF+XY, and HF vs. HF+AX. Moreover, 
preplanned contrast comparing the hidden-state predictions for the 25 EC in Table 1. for HF vs. 
HF+XY, and HF vs. HF+AX was analyzed utilizing a negative binomial distribution in 
GLIMMIX procedure of SAS. The log2-fold change was calculated comparing HF vs. HF+XY, 
and HF vs. HF+AX for EC hidden-state predictions if Q values were < 0.10.  
Results 
General Microbiota Characterizations 
A total of 2,413,572 high-quality reads were obtained from ileal digesta samples after 
quality control, with a median of 40,958 sequences per sample. Subsequently, those sequences 
were classified into 1,538 OTUs (> 10 sequences per OTU), and taxonomically classified into 
230 microbial genera. Characterization of phyla (Fig 1-A) present in ileal digesta revealed 
microbiota stemming from the Firmicutes phylum dominated (87.22%), followed by smaller 
contributions from Actinobacteria (8.15%) and Proteobacteria (3.63%). When further 
characterized into families (Fig. 1-C), Lactobacillaceae (19.02%), Clostridiaceae_1 (17.28%), 
Erysipelotrichaceae (13.83%), Peptostreptococcaceae (12.91%), and Streptococcaceae 
(12.73%) were the 5 most abundant families. Microbial genera that accounted for >1% of all 
classified OTUs are depicted in Fig. 1-E, and Lactobacillus (19%), Clostridium_sensu_stricto_1 
(16.96%), Streptococcus (12.72%), Turicibacter (7.32%), and Terrisporobacter (6.9%) were the 
5 most abundant in ileal digesta.  
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From ileal mucosa samples, a total of 1,739,013 high-quality reads were obtained after 
quality control, with a median of 27,762 sequences per sample. A total of 2,495 OTUs (> 10 
sequences per OTU) were classified and grouped into 317 genera. The 5 most abundant phyla, 
Firmicutes (63.97%), Proteobacteria (10.05%), Bacteroidetes (7.99%), Chlamydia (7.72%) and 
Epsilonbactereota (4.95%) accounted for 94.8% of all classified OTUs (Fig.1-B).  When further 
characterized into families (Fig. 1-D), Clostridiaceae_1 (18.2%), Lactobacillaceae (14.6%), 
Erysipelotrichaceae (7.96%), Chlamydiaceae (7.84%), and Streptococcaceae (7.33%) were the 5 
most abundant in the ileal mucosa. At a genus level, 15 microbial genera accounted for >1% of 
all classified OTUs, with Lactobacillus (14.59%), Clostridium_sensu_stricto_1 (14.01%), 
Chlamydia (7.84%) Streptococcus (7.33%), and Turicibacter (6.56%) composing the top 5. 
Shannon, Simpson, and Chao1 measures of diversity, evenness and richness are depicted 
in Figure 2. Numerically, ileal mucosa had a greater Shannon index relative to digesta (3.15 vs. 
2.44), and similarly, the Chao1 index was greater for ileal digesta (440 vs. 236). However, the 
Shannon, Simpson, and Chao1 indices did not differ among treatments for both ileal digesta and 
mucosa ( P > 0.22).  
Treatment Modulation of Microbial Genera  
Figure 3 represents the relative abundance of the 15 most abundant genera among 
treatments present in the ileal digesta (Fig. 3-A) and mucosa (Fig. 3-B). The top 15 genera 
account for 93.7%, 91.9%, 95.5%, and 93.9% of the OTUs characterized in the ileal digesta from 
pigs fed LF, HF, HF+XY, and HF+AX, respectively. Likewise, the top 15 genera among 
microbiota characterized from ileal mucosa accounted for 75.1%, 79.0%, 79.1%, and 74.9% of 
the OTUs characterized in pigs fed LF, HF, HF+XY, and HF+AX, respectively. 
Relative to LF, HF increased the abundance of Erysipelotrichaceae_UCG-002, Olsenella, 
and Turicibacter, and reduced Actinobacillus presences in ileal digesta (Fig.4; Q < 0.05). 
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Likewise, compared to LF, HF increased the absolute abundance of Turicibacter, Helicobacter, 
Lachnospiraceae_unclassified, and decreased Actinobacillus presences in the ileal mucosa (Q < 
0.05). The addition of xylanase to HF increased the prevalence of Lachnospiraceae_unclassified. 
Actinobacillus, Bifidobacterium, and Lactobacillus, and decreased the presence of Streptococcus 
and Turicibacter in ileal digesta (Q < 0.05). Moreover, relative to HF, HF+XY increased 
Bifidobacterium, Megasphaera, and Chlamydia, while reducing the presence of 
Clostridium_sensu_stricto_1 and Escherichia-Shigella in the ileal mucosa (Q < 0.05). The direct 
supplementation of AXOS to HF increased the prevalence of Lachnospiraceae_unclassified, and 
decreased Actinobacillus and Pasteurellaceae_unclassified in the ileal digesta (Q < 0.05). 
Whereas, in the ileal mucosa, the addition of AXOS to HF increased the prevalence of 
Megasphaera and Streptococcus, but reduced Candidatus_arthromitus and Helicobacter (Q < 
0.05). 
Treatment Modulation of the 100 Most Abundant OTUs  
Relative to LF, HF increased the prevalence of 9 of the 100 most abundant OTUs 
characterized from ileal digesta: OTU_95_Megasphaera, OTU_94_Chlamydia, 
OTU_12_Terrisporobacter, OTU_55_Mitsuokella, OTU_86_Helicobacter, 
OTU_62_Actinobacillus, OTU_36_Olsenella, OTU_25_Sharpea, and OTU_76_Proteus (Fig. 5-
A; Q < 0.05). In contrast, compared to the LF, HF decreased 11 of the 100 most abundant OTUs 
found in ileal digesta: OTU_29_Lactobacillus, OTU_16_Actinobacillus, 
OTU_10_Terrisporobacter, OTU_27_Lactobacillus, OTU_18_Actinobacillus, 
OTU_23_Actinobacillus, OTU_67_Lactobacillus, OTU_7_Streptococcus, 
OTU_31_Actinobacillus, OTU_40_Lachnospiraceae_unclassified and, 
OTU_89_Clostridium_sensu_stricto_1 (Fig. 5-A; Q < 0.05). Moreover, relative to LF, HF 
increased the abundance of 12 of the 100 most abundant OTUs characterized from ileal mucosa: 
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OTU_53_Prevotellaceae_NK3B31_group, OTU_39_Terrisporobacter, and 
OTU_51_Lachnospiraceae_unclassified (Fig. 5-B; Q < 0.05). Conversely, in relation to LF, HF 
decreased the prevalence of 10 of the 100 most abundant OTUs found in the ileal mucosa: 
OTU_83_Pasteurellaceae_unclassified, OTU_67_Prevotella_9, OTU_56_Subdoligranulum, 
OTU_80_Agathobacter, OTU_13_Actinobacillus, OTU_90_Succinivibrio, 
OTU_35_Lactobacillus, OTU_19_Actinobacillus, OTU_32_Prevotella_9, and 
OTU_12_Megaspharea (Fig. 5-B; Q < 0.05). 
The addition of xylanase to HF (HF+XY), increased 19 of the 100 most abundant OTUs 
(Fig. 6-A; Q < 0.05). Notably, HF+XY increased the prevalence of 3 OTUs (OTU # 27, 29, and 
38) stemming from the Lactobacillus genus, 3 OTUs (OTU # 61, 73, and 83) from the 
Alloprevotella genus, and 5 OTUs (OTU # 16, 18, 21, 23, 29, and 31) from the Actinobacillus 
genus in ileal digesta (Q < 0.05). Interestingly, relative to HF, HF+XY increased the abundance 
of OTU_23_Faecalibacterium, OTU_40_Lachnospiraceae_unclassified, 
OTU_74_Subdoligranulum, OTU_82_Streptococcus, OTU_87_Prevotellaceae_UCG-003 
OTU_90_Gammaproteobacteria_unclassified, each by over 6 log2-fold (Q < 0.05). In contrast, 
the addition of xylanase to HF decreased 8 of the 100 most abundant OTUs, and notably, this 
included OTU_86_Helicobacter, OTU_94_Chlamydia, and  OTU_95_Megasphaera (Fig. 6-A; 
Q < 0.05). With regards to the ileal mucosa, HF+XY increased the abundance of 14, and 
decreased 8 of the 100 most abundant OTUs (Fig. 6-B; Q < 0.05). Notably, in the ileal mucosa, 
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HF+XY increased the prevalence of 3 OTUs (OTU # 34, 35, and 38) stemming from the 
Lactobacillus genus, and also increased OTU_16_Bifidobacterium by nearly 2 log2-fold. On the 
other hand, pigs fed HF+XY had decreased prevalence of OTU_92_Actinobacillus, 
OTU_77_Lachnospiraceae_unclassified, OTU_33_Prevotellaceae_UCG-001, 
OTU_36_Ruminococcaceae_UCG-005, OTU_44_Gammaproteobacteria, 
OTU_53_Prevotellaceae_NK3B31_group, OTU_87_Prevotellaceae_unclassified, and 
OTU_51_Lachnospiraceae_unclassified, in the ileal mucosa (Fig. 6-B; Q < 0.05).  
The addition of AXOS to HF (HF+AX), increased 5 of the 100 most abundant OTUs 
found in ileal digesta: OTU_39_Sarcina, OTU_40_Lachnospiraceae_unclassified, 
OTU_7_Streptococcus, OTU_35_Enterobacteriaceae_unclassified, and OTU_56_Lactobacillus 
(Fig. 7-A; Q < 0.05). In contrast, relative to HF, HF+AX decreased 7 of the 100 most abundant 
OTUs found in ileal digesta: OTU_86_Helicobacter, OTU_26 and OTU_98 
(both:Clostridium_sensu_stricto_1), OTU_16, OTU_18, and OTU_62 (all: Actinobacillus),  and 
OTU_12_Terrisporobacter (Fig. 7-A; Q < 0.05). For the mucosa, relative to HF, HF+AX 
increased the abundance of  6 of the 100 most abundant OTUs: OTU_81_Sarcina, 
OTU_89_Alloprevotella, OTU_88_Muribaculaceae_ge, OTU_35_Lactobacillus, 
OTU_90_Succinivibrio, and OTU_12_Megasphaera (Fig. 7-B; Q < 0.05). Additionally, relative 
to HF, HF+AX decreased the prevalence of 7 of the 100 most abundant OTUs: 
OTU_92_Actinobacillus, OTU_14_Helicobacter, OTU_39_Terrisporobacter, 
OTU_87_Prevotellaceae_unclassified, OTU_77_Lachnospiraceae_unclassified, 




PICRUSt2 Targeted Gene Predictions  
In the ileal digesta, relative to HF, HF+XY tended to upregulate butyrate kinase and non-
reducing end T-L-arabinofuranosidase (Fig. 8; Q < 0.10). Moreover, the addition of xylanase to 
HF, increased the predicted gene counts for endo-1,4-β-xylanase, glucuronoarabinoxylan endo-
1,4-β-xylanase, oligosaccharide reducing-end xylanase, xylan 1,4-β-xylosidase, xylose 
isomerase, and xylulose kinase in the ileal digesta (Fig. 8; Q < 0.05). Relative to HF, HF+AX 
increased oligosaccharide reducing-end xylanase and xylan 1,4-β-xylosidase (Fig. 9; Q < 0.10) 
and tended to increase xylose isomerase (Fig. 8; Q < 0.05). 
In the ileal mucosa, HF+AX did not differ from HF for any of the chosen enzymes in 
Table 1 (Q > 0.10). However, compared to HF, HF+XY increased the predicted gene counts for 
acetate CoA-transferase, acetate kinase, acetate--CoA ligase, alpha-galactosidase, butyrate 
kinase, butyrate--acetoacetate CoA-transferase, ferulic acid esterase, oligosaccharide reducing-
end xylanase, succinyl-CoA synthetase, succinyl-CoA:acetate CoA-transferase, and xylan 1,4-β-
xylosidase in the ileal mucosa (Fig. 9; Q < 0.05). 
Discussion 
In a healthy state, the pig and gastrointestinal microbiota share a symbiotic relationship 
that contributes to the nutrition and health of the pig, and in turn, the pig provides substrate for 
microbiota largely in the form of DF. However, all DF is not created equal and its efficacy to 
modulate microbial taxa, diversity, and composition is dependent on DF composition, solubility, 
and concentration [33,34]. In general, soluble DF and non-digestible oligosaccharides are 
fermented at a faster rate compared to insoluble DF [35,36] and are associated with reducing 
pathogenetic microbes, increasing microbial diversity, and improving the proliferation of 
‘beneficial’ microbes [37,38]. In contrast, swine diets are largely composed of poorly 
fermentable insoluble DF emanating from cereal grains and industrial co-products [8,39]. 
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Globally, corn is the most abundant cereal grain, and thus, swine diets often contain considerable 
amounts of insoluble corn-based fiber, particularly arabinoxylans, that are poorly fermented by 
the pig’s gastrointestinal microbiota [3,5]. Xylanase, a carbohydrase that targets arabinoxylans, 
may modulate the gastrointestinal microbial ecology of pigs fed corn-based diets by hydrolyzing 
arabinoxylans into smaller and more fermentable fragments [i.e. AXOS; 15]. Indeed, it is often 
postulated that the unexpected health benefits observed with xylanase supplementation are a 
result of enteric microbiota modulation [16,17]. Still, the impact of xylanase, particularly its 
mode of action, on gastrointestinal microbiota in pigs fed corn-based fiber is largely unknown. 
Thus, the experimental objective was to characterize the impact of increased insoluble fiber, 
xylanase, and directly supplemented AXOS on the ileal digesta and mucosa microbiome of pigs 
fed corn-based fiber.  
The composition of microbial phyla summarized in Fig. 1 and is comparable with other 
reports of ileal digesta and mucosa microbiota composition in pigs under commercial conditions 
[40, 41]. Similar to herein, a meta-analysis of 16S rRNA bacterial gene sequences across the 
gastrointestinal tract of the pig identified Clostridium and Lactobacillus as the most prevalent 
genera in the ileal digesta and mucosa [40]. However, there were some differences among the 
most abundant genera, compared to Holman et al.,[40]; this is likely driven by differences in 
diet, host genetics, and relative environment. Moreover, Zhang et al., [42] also observed 
numerically higher OTU counts, Shannon index values, and Chao1 index values in the ileal 
mucosa relative to ileal digesta in pigs fed a corn-based diet (Fig 2.). The increased richness and 
diversity of mucosal-associated microbiota is not unanticipated as we observed a greater 




microbial communities are probably a result of differing nutrient availability and solubility, 
associated commensal microbiota, and environmental differences found in the lumen versus the 
epithelial mucosa of the ileum [43].  
When comparing HF to LF, HF increased the abundance of Erysipelotrichaceae_UCG-
002, Olsenella, and Turicibacter in the ileal digesta (Fig.4-A). While the role of genera 
stemming from Erysipelotrichaceae is largely unknown in the pig, in humans they are associated 
with subjects who consume high-fat western diets and may increase gut inflammation through 
immunogenic properties [44]. However, the acid ether-extract content of LF and HF were 
relatively similar [14], and certainly, the fiber level in HF is not typical of a human western diet. 
Potentially, the increased endogenous fat losses associated with diets high in insoluble fiber 
favored the metabolism of Erysipelotrichaceae [45], but this is purely speculative. Moreover, an 
increase of OTUs stemming from Prevotella, Ruminococcaceae, and Lachnospiraceae observed 
in Fig. 5-B suggest a greater abundance of mucins and sloughed cells in HF as these microbiota 
digest and metabolize mucins and sloughed epithelial cells through cooperative metabolism [46, 
47]. An increase in Turicibacter was observed in both mucosa and digesta of pigs fed HF, 
relative to LF; this is in agreement with Le Sciellour [48] who observed a greater abundance of 
Turicibacter in feces from pigs fed a diet with 20% NDF compared to a diet with 10% NDF. 
However, an increased abundance of Turicibacter in feces has been positively correlated with 
increased body weight in grow-finish pigs [49], but this is counterintuitive to what was observed 
in a related study, as pigs fed HF weighed significantly less than LF [14]. Pigs fed HF had a 
lower abundance of Actinobacillus present in both ileal digesta and mucosa (Fig.4-A and Fig.4-
B). Little is known about the Actinobacillus genus with the exception of species known to cause 
oral and respiratory diseases [50]. It is unclear if Actinobacillus stemming from the 
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gastrointestinal tract are disease causing or commensal. Notably, work by Gottschalk et al., [51] 
discovered two non-pathogenic Actinobacillus species in healthy pigs that were antigenically and 
biochemically similar to A. pleuropneumoniae; research characterizing ileal associated 
Actinobacillus in the pig is thus warranted.  
In this study, the addition of xylanase increased the prevalence of several genera, and 
OTUs, generally recognized as beneficial, Bifidobacterium, Lactobacillus, 
Lachnospiraceae_unclassified, Faecalibacterium, and Alloprevotella, and decreased two genera 
known to contain potentially disease-causing species, Streptococcus and Escherichia-Shigella 
(Fig. 4 and 6). The upregulation of Bifidobacterium, Lachnospiraceae_unclassified, and 
Lactobacillus by xylanase is in agreement with xylanase supplementation in poultry and turkey 
diets [52,53]. However, the modulation by xylanase in this study is in contrast to work from 
Zhang et al., [54] who evaluated the ileal microbiota from pigs fed five mono-component 
xylanases in corn distiller‘s dried grain with solubles (DDGS)-based diets. This is potentially a 
result of utilizing corn-bran without solubles herein as the main source of corn-based fiber 
instead of DDGS as corn-bran appears to be more susceptible to xylanase hydrolysis [14].  
 The increased abundance of Bifidobacterium, Lachnospiraceae_unclassified, 
Lactobacillus, and Faecalibacterium suggest xylanase promotes a symbiotic cooperation for 
cross-feeding of the potential release products of xylanase that likely increases SCFA 
production, particularly acetate and butyrate; this cooperation would coincide with a prebiotic-
like mechanism [55]. Moreover, the increase in predicted gene counts of enzymes associated 
with AXOS degradation and SCFA production also support this hypothesis (Fig. 8 and 9). 
Theoretically, the AXOS released by xylanase could be metabolized by Lactobacillus, 
Bifidobacterium, and Lachnospiraceae_unclassified associated microbiota as several strains 
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from these genera produce many of the accessory enzymes needed to hydrolyze xylo-
oligosaccharides and AXOS [56-58]. However, depending on the degrees of polymerization of 
the AXOS produced by xylanase, these genera likely utilize AXOS with varying efficiencies 
[59]. Bifidobacterium preferentially favor the uptake of short AXOS into the cell, where they are 
further degraded to arabinose and xylose; these pentoses are shuttled into the bifid shunt by their 
conversion into xylulose 5-phosphate, and ultimately the production of acetate [60]. Indeed, 
xylanase supplementation favored ileal digesta microbiota with a higher predicted gene count for 
xylose isomerase and xylulose kinase (Fig. 8), and acetate kinase producing bacteria in the ileal 
mucosa (Fig. 9). Several strains of Lactobacillus are known to degrade higher molecular weight 
AXOS [57, 58], and there is genomic and in vitro evidence to suggest species deriving from 
Lachnospiraceae can hydrolyze arabinoxylan and AXOS, and metabolize xylose [61,62]. 
Finally, the upregulation of Faecalibacterium by HF+XY, whose solely known species is 
Faecalibacterium prausnitzii, is most likely an indirect result of cross-feeding on the acetate 
produced by Lactobacillus and Bifidobacterium as Faecalibacterium cannot metabolize pentose 
monomers [63]. This is further supported by the upregulation of butyryl-CoA:acetate CoA 
transferase and acetate kinase predicted genes by HF+XY, two key enzymes in the conversion of 
acetate to butyrate by Faecalibacterium prausnitzii, [64,65]. Thus, the increased modulation of 
Bifidobacterium, Lachnospiraceae_unclassified, Lactobacillus, and Faecalibacterium by 
HF+XY suggest there is likely a direct upregulation of acetate and butyrate in the ileum via 
AXOS and acetate metabolism, respectively.  
It is well established that increased butyrate will enhance gut barrier integrity through 
mediation of the nuclear NF-kB pathway and histone deacetylase inhibition, aid in the control of 
enteric pathogens, and reduce inflammation and oxidative stress [66,67]. Similarly, acetate can 
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modulate intestinal epithelial integrity and homeostasis via G protein coupled FFAR2 receptors 
that activate the NLRP3 inflammasome pathway [68]. Indeed, research by Petry et al. [14] from 
the same animal study discovered that HF+XY increased total antioxidant capacity of the ileum, 
reduced serum malondialdehyde concentrations, and increased ileal mRNA of claudin 4 and 
occludin tight junction proteins. Interestingly, xylanase also increased predicted gene counts for 
ferulic acid esterase; ferulic acid is a potent antioxidant capable of scavenging free radicals and 
inhibiting free radical production [69]. Corn arabinoxylan is highly substituted with ferulic acid, 
but its bioavailability is reduced due to esterification within arabinoxylan [70]. It is plausible that 
hydrolysis of arabinoxylan by HF+XY released feruloylated AXOS that could be further 
degraded by microbial ferulic acid esterase to improve ferulic acid bioavailability, and possible 
contribute to the total antioxidant capacity of the pig [71]. Indeed, supplementation of corn-based 
feruloylated oligosaccharides in rats increased Lactobacillus abundance, and decreased 
Streptococcus and Clostridium, which is similar to what was found in HF+XY herein [72].  
Overall, the improved oxidative status and gut barrier integrity observed by Petry et al., 
[14], and the upregulation of beneficial acetate and butyrate producing bacteria observed herein, 
favors a prebiotic like mechanism. However, the increased modulation of predicted genes 
associated with arabinoxylan degradation in the ileal digesta favor the definition of a stimbiotic 
mechanism [16]. A holistic view of these data suggests both of these mechanisms are likely 
occurring synergistically in that xylanase acts as a stimbiotic in the digesta increasing 
arabinoxylan solubilization and AXOS production, and then in turn, the released AXOS acts in a 
prebiotic-like manner with mucosal-associated bacteria. Further research is warranted to 




fiber. However, due to the chemical complexities of corn-based arabinoxylans, determining the 
composition of in situ produced AXOS from corn-based arabinoxylans is an analytically 
challenging pursuit that has yet to be mastered [73].  
Directly supplementing AXOS (HF+AX) did not modulate ileal microbiota to the same 
degree as xylanase (Fig. 7); this is in contrast to what has been reported in poultry [74,75]. 
Potentially, supplementing xylanase directly may have produced a greater ileal AXOS 
concentration than what was supplemented in HF+AX, and the in situ produced AXOS from 
corn-based fiber may differ in composition to what was supplemented (i.e. DP and substitution 
pattern). Moreover, it is plausible that the directly supplemented AXOS may have been 
fermented prior to reaching the ileum of the pig. However, when compared to HF, HF+AX did 
increase the abundance of OTU_40_Lachnospiraceae_unclassified, and OTU_56_Lactobacillus 
and this is likely through fermentation of AXOS as previously described. This is also supported 
by the increased abundance of the predicted genes for oligosaccharide reducing-end xylanase, 
xylan 1,4 β-xylosidase, and xylose isomerase by HF+AX in the ileal digesta (Fig. 8). 
Interestingly, HF+AX greatly increased OTU_39_Sarcina and OTU_81_Sarcina, relative to HF, 
in the digesta and mucosa, respectively. There is a dearth of information about Sarcina in the pig 
but has been associated with gastrointestinal disease and delayed gastric emptying in humans 
[76].  
Conclusions  
Increasing insoluble corn-based DF through the addition of corn bran without solubles 
modulated microbial communities associated with mucin and epithelial cell degradation and fat 
metabolism, while decreasing the abundance of Actinobacillus that is often associated with 
disease causing species. The direct supplementation of AXOS did not modulate ileal microbiota 
in a similar fashion or to same degree as xylanase but did favor bacteria with increased genes for 
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oligosaccharide reducing-end xylanase, xylan 1,4-β-xylosidase, and xylose isomerase in the 
digesta. Directly-supplemented AXOS may differ in composition from what is produced in situ 
by xylanase’s degradation of corn-based arabinoxylan, or xylanase may increase AXOS 
production to a greater concentration than what was supplemented in HF+AX. However, 
supplementing xylanase to HF modulated ileal microbiota to favor beneficial microbial 
communities that are associated with increased acetate and butyrate production and improved 
gastrointestinal health. The addition of xylanase also upregulated predicted gene counts for 
enzymes associated with arabinoxylan and AXOS degradation, pentose metabolism, and SCFA 
production. These data, in combination with the unexpected health benefits often reported in the 
literature, suggest xylanase favors a prebiotic-like mechanism likely through the release of 
AXOS that modulate the cross-feeding metabolism of certain beneficial microbial communities. 
However, the increased predicted gene counts for enzymes associated with arabinoxylan and 
AXOS degradation in the ileal digesta favors a stimbiotic mechanism. Potentially, xylanase 
could act as a stimbiotic in the digesta increasing arabinoxylan solubilization and AXOS 
production, and then in turn, the released AXOS act in a prebiotic-like manner with mucosal 
associated bacteria.  
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Table 4.1. Enzymes associated with arabinoxylan degradation, pentose metabolism, or short 
chain fatty acid production that were selected for gene prediction-based analysis using 
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States. 
Enzyme Commission Number Accepted Name 
1.1.1.9 D-xylulose reductase 
1.1.1.27 L-lactate dehydrogenase 
1.1.1.28 D-lactate dehydrogenase 
2.3.1.8 Phosphate acetyltransferase 
2.7.2.1 Acetate kinase 
2.7.2.7 Butyrate kinase 
2.7.2.15 Propionate kinase 
2.7.1.17 Xylulose kinase 
2.8.3.1 Propionate CoA-transferase 
2.8.3.8 Acetate CoA-transferase 
2.8.3.9 Butyrate--acetoacetate CoA-transferase 
2.8.3.18 Succinyl-CoA:acetate CoA-transferase 
3.1.1.73 Ferulic acid esterase 
3.2.1.8 Endo-1,4-β-xylanase 
3.2.1.22 Alpha-galactosidase 
3.2.1.37 Xylan 1,4-β-xylosidase 
3.2.1.55 Non-reducing end T-L-arabinofuranosidase 
3.2.1.136 Glucuronoarabinoxylan endo-1,4-β-xylanase 
3.2.1.139 Alpha-glucosiduronase 
3.2.1.156 Oligosaccharide reducing-end xylanase 
4.1.2.9 Phosphoketolase 
5.3.1.5 Xylose isomerase 
6.2.1.1 Acetate--CoA ligase 
6.2.1.5 Succinyl-CoA synthetase (ADP-forming) 






Figure 4.1. Summary of phylum, family, and genus-level microbial composition (>1% relative 
abundance) in the ileal digesta and mucosa among pigs (N=60): A) Relative abundance of phyla 
present in the ileal digesta; B) Relative abundance of phyla present in the ileal mucosa; C) 
Relative abundance of families present in the ileal digesta; D) Relative abundance of families 
present in the ileal mucosa; E) Relative abundance of genera present in the ileal digesta; F) 










Figure 4.3. The relative abundance of the 15 most abundant genera among treatments present in 





Figure 4.4. The log2-fold change difference between LF vs. HF, HF vs. HF+XY, HF vs. HF+AX 






Figure 4.5. The log2-fold change difference between LF vs. HF for the significant OTUs from 





Figure 4.6. The log2-fold change differences between HF vs. HF+XY for the significant OTUs 






Figure 4.7. The log2-fold change differences between HF vs. HF+AX for the significant OTUs 






Figure 4.8. The log2-fold change between HF vs. HF+XY or HF vs. HF+AX for the PICRUST2 
predicted gene counts for enzymes associated with bacterial arabinoxylan degradation, xylose 






Figure 4.9. The log2-fold change between HF vs. HF+XY for the PICRUST2 predicted gene 
counts for enzymes associated with bacterial arabinoxylan degradation, xylose metabolism, or 
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Abstract  
Recently, it was proposed that xylanase may improve the utilization of dietary fiber by 
stimulating a fiber-degrading microbiome via a stimbiotic mechanism. This research tested the 
hypothesis that xylanase modulates microbial communities within the large intestine of growing 
pigs fed insoluble corn-based fiber through a stimbiotic mechanism of action. Sixty gilts were 
blocked by initial body weight, individually housed, and randomly assigned to 1 of 4 dietary 
treatments (n=15): a low-fiber control (LF), a high-fiber control containing 30% corn bran 
without solubles (HF), HF+100 mg/kg xylanase (HF+XY), and HF+50 mg/kg arabinoxylan 
oligosaccharide (HF+AX). Pigs were fed their respective dietary treatments for 46 days. On day 
46, pigs were euthanized, and mucosa and lumen contents were collected from the apex of the 
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cecum and the proximal colon. The V4 region of bacterial 16S rRNA genes was amplified and 
sequenced. In total, 9,280,410 high-quality sequences were obtained. These sequences were 
further clustered into 5,889, 4,657, 2,822, and 4,516 operational taxonomic units (OTU), in the 
cecal contents and mucosa and colonic contents and mucosa, respectively. The 20 most abundant 
microbial genera, 200 most abundant OTUs, and hidden-state predictions of 25 microbial 
enzymes within each location were analyzed using a generalized linear mixed model with a 
negative binomial distribution. In the cecal contents, HF+XY increased measures of T-diversity 
compared with LF, and HF and HF+AX performing between the two (P<0.001). Compared to 
LF, HF increased the prevalence of 44, 36, 26, and 8, and decreased 19, 9, 21, and 10, of the 200 
most abundant OTUs from the cecal contents and mucosa and colonic contents and mucosa, 
respectively (Q <0.05). Notably, compared to LF, HF increased the abundance of OTUs from the 
Treponema_2 and Ruminococcus_1 genera, and from the Lachnospiraceae, Ruminococcaceae, 
and Prevotellaceae families. In contrast, relative to LF, HF deceased Turicibacter and 
Lactobacillus in the cecal contents, and Megasphaera and Streptococcus in the mucosa. Relative 
to HF, HF+XY increased 32, 16, 29, and 19 and decreased 27, 11, 15, and 10 of the 200 most 
abundant OTUs from the cecal contents and mucosa and colonic contents and mucosa, 
respectively (Q <0.05). The addition of xylanase to HF further increased the abundance of OTUs 
from the Lachnospiraceae and Ruminococcaceae families across the large intestine. Compared 
to HF, HF+XY increased the abundance of Lactobacillus, Bifidobacterium, and 
Faecalibacterium at either the genera or OTU level among all locations (Q <0.05). However, 
HF+AX did not increase the prevalence of these genera in the large intestine. Supplementing 




arabinoxylan degradation, xylose metabolism, and short-chain fatty acid production within the 
cecum and colon. Collectively, these data suggest xylanase elicits a stimbiotic mechanism of 
action in the large intestine of pigs fed corn-based fiber.  
Introduction 
It is well established that pigs do not synthesize the endogenous enzymes required to 
digest dietary fiber (DF). Thus, pigs must rely on gastrointestinal microbiota to ferment DF into 
metabolizable substrates (Varel and Yen, 1997). Modern swine diets are trending to contain 
increased concentrations of DF. This is often a consequence of mitigating rising feed costs by 
utilizing economically-priced industrial co-products. Many of these co-products fed to pigs are 
corn-based, and often shift the carbohydrate composition of the diet to favor DF, rather than 
starch (Acosta et al., 2020). It is well known that increasing DF can reduce nutrient and energy 
digestibility, impair hindgut fermentation, and decrease pig performance (Gutierrez et al., 2013; 
Weber et al., 2015). The DF innate to corn, and its co-products, is almost entirely insoluble and 
largely composed of arabinoxylans (Jaworski et al., 2015). Corn-based arabinoxylans are poorly 
fermented by resident microbiota due to their structural complexity and poor solubility (Bach 
Knudsen, 2014). One potential strategy to improve the fermentability of DF, and possibly 
mitigate its negative effects, is to include exogenous carbohydrases into the diet. 
Xylanase is a logical carbohydrase to include in corn-based diets as it hydrolyzes the β-
(1-4) glycosidic bonds of arabinoxylans (Dodd and Cann, 2009). Furthermore, it may improve 
DF fermentation by depolymerizing arabinoxylans into lower molecular weight fragments that 
are more soluble and fermentable (Pedersen et al., 2015). Indeed, xylanase often improves the 
nutrient and fiber digestibility of corn-based diets in the large intestine of the pig (Petry et al., 
2019). Microbial fermentation largely occurs in the cecum and colon due to the dense microbial 
populations in these gastrointestinal regions (Jensen and Jørgensen, 1994). Additionally, there 
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are increasing reports that supplementation of xylanase to swine benefits markers of improved 
gastrointestinal health, and commonly reduces finishing pig mortality in commercial production 
(Petry and Patience, 2020). These improvements in health are often postulated to result from 
modulation of microbial populations in the gut. However, there is a paucity of research 
investigating the composition of hindgut microbiota in pigs fed corn-based fiber supplemented 
with xylanase with a long adaptation period. Moreover, the in vivo mechanism(s) of action 
(MOA) of xylanase in the presence of corn-based DF has yet to be fully elucidated. 
The in-situ release products of xylanase are likely arabinoxylan oligosaccharides 
(AXOS), and high molecular weight arabinoxylan polysaccharides. It has been reported that 
these AXOS can be rapidly fermented by resident microbiota and modulate gastrointestinal 
microbiota in the large intestine of poultry via a stimbiotic MOA (Bautil et al., 2020; González-
Ortiz et al., 2020). However, there is a dearth of research in swine (Petry and Patience, 2020). A 
stimbiotic was defined by González-Ortiz et al. (2019), as ‘an additive that stimulates a fiber-
degrading microbiome resulting in an increase in fiber fermentability even though the additive 
itself contributes little to short chain fatty acid production’. Therefore, the experimental 
objective was to characterize the modulation of hindgut microbiota due to increased corn-based 
fiber, xylanase, and directly-supplemented AXOS in pigs fed corn-based diets for 46 days. We 
hypothesized that the addition of xylanase or AXOS would modulate intestinal microbial 
communities to more effectively support fiber degradation through a stimbiotic MOA. 
Materials and Methods 
Animals, Diets, and Experimental Design 
The investigation into gastrointestinal microbiota reported herein is in continuation of 
related research reported by Petry et al., (2020a, 2020b). Readers are referred to Petry et al., 
(2020a) for greater detail on animal methods and diet compositions. Methods reported herein are 
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adapted from Petry et al., (2020a), and are provided to briefly orient readers to the study design. 
All analytical methods exclusive to these data reported herein are provided.  
Sixty growing gilts with an initial body weight of 25.4 ± 0.9 kg were used in 3 replicates 
(20 gilts per replicate) of a 46-day trial. Gilts were blocked by initial body weight and randomly 
assigned within a block to 1 of 4 dietary treatments: a low-fiber control (LF) with 7.5% neutral 
detergent fiber (NDF), a higher-fiber control with 30% corn bran without solubles (HF; NDF= 
21.9%), HF + 100 mg xylanase/kg (HF+XY; Econase XT 25P; AB Vista, Marlborough, UK) 
providing 16,000 birch xylan units per kg, and HF + 50 mg arabinoxylan-oligosaccharide/kg 
(HF+AX; 3–7 degrees of polymerization). Pigs were individually housed and fed ad libitum for 
36 days to provide adequate time for the pig and their microbiota, to adapt to dietary treatments. 
On day 36, pigs were moved to metabolism crates for a 10-day metabolism study reported by 
Petry et al., (2020a). During the metabolism study, pigs were limit fed 80% of the average daily 
feed intake determined based on the intake of the first replicate averaged across all treatments. 
The daily feed allotment was split into two feedings. Pigs were given ad libitum access to water 
throughout the duration of the total study. 
Sample Collections  
On day 46, pigs were fed half of their total daily feed allotment, and after consumption, 
were euthanized by captive bolt stunning and exsanguination. Pigs were necropsied for 
collection of lumen contents and mucosa from the cecum and colon. Approximately 30 ml of 
cecal contents was collected, subsampled, snap-frozen in liquid nitrogen, and stored at -80°C 
pending DNA extraction. The apex of the cecum was isolated and rinsed with sterile phosphate 
buffered solution to remove remnants, and mucosal scrapings were carefully collected from the 
tissue, snap-frozen in liquid nitrogen, and stored at -80°C pending DNA extraction. Similarly, 
contents from the ascending portion of the spiral colon was collected, subsampled, and snap-
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frozen in liquid nitrogen and stored at -80°C. An approximately 4-cm long section proximal to 
the ascending spiral colon was isolated and flushed with sterile phosphate buffered solution. The 
colonic tissue was scraped for mucosa, and the scrapings were snap-frozen in liquid nitrogen and 
stored at -80°C pending DNA extraction. 
DNA Extraction and 16S rRNA gene Illumina MiSeq Sequencing 
Total genomic DNA was extracted from cecal and colonic mucosa and contents using a 
DNeasy PowerLyzer PowerSoil Kit (Qiagen, Germantown, MD) according to the manufacturer’s 
instructions. Extracted genomic DNA concentration and purity were evaluated using a ND-1000 
spectrophotometer (NanoDrop Technologies, Rockland, DE), and subsequently stored at -80°C 
for later sequencing. All samples had 260:280 nm ratios above 1.84. Extracted DNA was 
adjusted to a total well concentration of 125 ng of DNA, and sequencing was conducted by the 
DNA facility at Iowa State University (Ames, IA).  
A PCR-amplified 16S rRNA gene sequencing was conducted using a previously 
established protocol designed to amplify bacteria and archaea (Caporaso et al., 2018). Concisely, 
one replicate per sample of extracted genomic DNA was amplified using Platinum™ Taq DNA 
Polymerase (Thermo Fisher Scientific, Waltham, MA). Mutual 16S rRNA bacterial primers 
[515F (5′-GTGYCAGCMGCCGCGGTAA-3′;21] and 806R [5′-
GGACTACNVGGGTWTCTAAT-3′; 22] for the variable region V4 were utilized as previously 
described (Kozich et al., 2013). All samples underwent PCR with an initial denaturation step at 
94°C for 3 min, followed by 35 PCR cycles (45s of denaturing at 94°C, 20s of annealing at 50°C, 
and 90s of extension at 72°C), and concluded with a 10 min extension at 72°C. The subsequent 
PCR products were purified with a QIA quick 96 PCR Purification Kit (Qiagen Sciences Inc, 




included at equivalent molar ratios and used for Illumina MiSeq paired-end sequencing with 150 
bp read length and cluster generation with 10% PhiX control DNA on an Illumina MiSeq 
platform (Illumina Inc., San Diego, CA).  
Sequence analyses and prediction of functional potential 
Once sequencing was complete, corresponding overlapping paired-end reads were 
stitched to obtain an ultimate amplicon size of 255 bp. The sequencing data for each sample were 
screened for quality and paired-end reads were combined using mothur [v.1.40.4; 24]. Sequences 
that contained ambiguous bases, were shorter than 250bp, longer than 255bp, contained 
homopolymers  > 8 bases in size, and potential chimeric sequences were removed. Remaining 
sequences were then clustered into operational taxonomic units (OTU) with a 99% sequence 
similarity based on a distance matrix generated in mothur. Consensus taxonomy for OTUs were 
assigned using version 132 of the SILVA SSU database (Pruesse et al., 2007). Shannon, 
Simpson, and Chao1 T-diversity indices were calculated as previously described (Kim et al., 
2017). 
The hidden-state predictions of gene families and their abundance within a given location 
were constructed using the 2.3.0b version of Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States 2 (PICRUSt), according to default parameters (Douglas et 
al., 2020). Briefly, representative 16S rRNA gene amplicon sequences for each OTU were 
aligned and placed into a phylogenetic tree with relation to reference genomes from the 
Integrated Microbial Genomes database using the provisions of HMMER, EPA-ng, and GAPPA 
(Barbera et al., 2019, Bengtsson et al., 2020; Czech et al., 2020).  
Hidden-state gene predictions were determined by castor references based on nearest-
sequenced taxon index, with a threshold of 2 (Louca et al., 2020). The hidden-state predictions of 
2,381 enzymes were characterized from the Enzyme Commission (EC) database (Caspi et al., 
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2019). A total of 25 enzymes associated with arabinoxylan degradation, pentose metabolism, or 
short chain fatty acid (SCFA) production were selected (Table 1), normalized by predicted 16S 
rRNA gene copy number per OTU, and subsequentially analyzed using preplanned contrasts. 
Statistical Analysis 
Data were analyzed according to the following statistical model:  
?!"#$ = 	@ + A!	 + B" + C#	 + D!"#$ 
Where ?!"#$ is the observed value for lth experimental unit within the ith level of dietary 
treatment of the jth block for the lth pig in the kth replicate; @ is the general mean; A!	 is the fixed 
effect of the ith diet (i= 1 to 4); B" is the random effect of the jth block (j=1 to 5); C#	is the random 
effect of the kth replicate (k=1 to 3); and D!"#$ is the associated variance as described by the 
model for ?!"#$ (l=1 through 60).  
The top 200 individual OTUs, relative abundance of the 20 most abundant genera, and 
hidden-state predictions of the 25 microbial enzyme genes were analyzed using a negative 
binomial distribution in GLIMMIX procedure of SAS (Version 9.4, SAS Inst., Cary, NC), and 
they were offset by the total library count for a given sample. The MULTTEST procedure of 
SAS was used to correct P-values for false discovery rates (Q values). For variables with a 
treatment Q < 0.05, the LOG2 fold change and respective standard errors, were calculated 
comparing LF vs HF, HF vs. HF+XY, and HF vs. HF+AX. Diversity indices were analyzed 
using PROC MIXED procedure of SAS. Least square means were separated using Fisher’s Least 




Intestinal Microbiota Population Characteristics  
A total of 9,280,410 sequences were obtained from all samples after size filtering, quality 
control, and chimera removal.  
Cecum  
From cecal content samples, a total of 2,707,536 high-quality reads were clustered into 
5,889 OTUs and 213 genera, with a median of 41,672 sequences among samples. The five most 
abundant phyla (Fig 1-A; 97.5% of all OTUs) present included Firmicutes (64.44%), 
Bacteroidetes (27.33%), Proteobacteria (2.26%), Actinobacteria (2.04%), and Spirochaetes 
(1.40%). When characterized into families (Fig. 1-B), the 20 most abundant families accounted 
for 96.22% of OTUs, and notably, Prevotellaceae (20.90%), Ruminococcaceae (19.40%), 
Lachnospiraceae (13.39%), Clostridiaceae_1 (8.57%), and Lactobacillaceae (6.77%) were the 
five most abundant. Similarly, the 20 most abundant genera accounted for 70.57% of all 
classified OTUs (Fig. 1-C), and Clostridium_sensu_stricto_1 (8.7%), 
Lachnospiraceae_unclassified (7.84%), Lactobacillus (7.65%), Ruminococcaceae_UCG-005 
(5.25%), and Allopreveotella (5.07%) rounded out the top five. 
 
A total of 2,551,171 high-quality reads from cecal mucosa samples were clustered into 
4,657 OTUs and 234 genera, with a median of 41,672 sequences among samples. The five most 
abundant phyla among the cecal mucosa associated microbiota accounted for 95.92% of all 
OTUs (Fig. 1-D), and encompassed Firmicutes (53.08%), Bacteroidetes (31.59%), 
Epsilonbacteraeota (4.88%), Proteobacteria (4.11%), and Spirochaetes (2.27%). When further 
classified into families, the 20 most abundant accounted for 94.77% of all OTUs (Fig 1-E), and 
Prevotellaceae (23.44%), Ruminococcaceae (14.85%), Lachnospiraceae (10.46%), 
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Streptococcaceae (6.08%), and Lactobacillaceae (5.55%) were the five most abundant. The 20 
most abundant genera (Fig. 1-F), comprised 70.22% of all OTUs, and Allopreveotella (7.26%), 
Streptococcus (6.08%), Lactobacillus (5.54%), Ruminococcaceae_UCG-005 (5.25%), and 




A total of 1,848,354 high-quality reads were obtained from colonic contents and clustered 
into 2,822 OTUs and 215 genera, with a median of 33,870 sequences among samples. The five 
most abundant phyla (Fig 2-A; 96.9% of all OTUs) included Firmicutes (66.03%), Bacteroidetes 
(24.42%), Spirochaetes (3.51%), Proteobacteria (1.50%), and Euryarchaeota (1.46%). The 20 
most abundant families accounted for 95.6% of OTUs (Fig. 2-B), and notably, Ruminococcaceae 
(18.36%), Prevotellaceae (18.04%), Lachnospiraceae (16.42%), Clostridiaceae_1 (11.19%), and 
Streptococcaceae (6.29%) were the five most abundant. Likewise, the 20 most abundant genera 
comprised 67.4% of all OTUs (Fig. 2-C), and Clostridium_sensu_stricto_1 (11.05%), 
Lachnospiraceae_unclassified (8.72%), Streptococcus (6.29%), Ruminococcaceae_UCG-005 
(5.64%), and Prevotellaceae_NK3B31_group (4.53%) composed the five most abundant.  
From colonic mucosa samples, a total of 2,173,348 high-quality reads were clustered into 
4,516 OTUs and 253 genera, with a median of 37,554 sequences among samples. The five most 
abundant phyla (Fig 2-D; 94.2% of all OTUs) present included Firmicutes (55.74%), 
Bacteroidetes (27.54%), Proteobacteria (4.04%), Spirochaetes (3.85%), and Epsilonbacteraeota 
(3.04%). When characterized into families (Fig. 2-E), the 20 most abundant accounted for 
91.12% of OTUs, and Ruminococcaceae (19.59%), Prevotellaceae (16.57%), Lachnospiraceae 
(11.74%), Streptococcaceae (7.05%), and Rikenellaceae (4.74%) were the five most abundant. 
With regards to microbial genera, the 20 most abundant accounted for 63.50% of all classified 
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OTUs in the colonic mucosa (Fig. 2-F), and Streptococcus (7.05%), 
Lachnospiraceae_unclassified (6.46%), Ruminococcaceae_UCG-005 (6.22%), 
Clostridium_sensu_stricto_1 (4.62%), and Prevotellaceae_NK3B31_group (4.12%) were the 
five most abundant. 
Alpha-diversity 
Chao1, Shannon, and Simpson indices of diversity, evenness and richness are depicted in 
Figure 3. For the cecal contents, HF+XY had the greatest Chao1, Shannon, and Simpson indices, 
with HF and HF+AX performing intermediately among treatments, and LF having the lowest 
(P<0.001). Compared to LF, HF, HF+XY, and HF+AX had greater Chao1 and Shannon indices 
in the cecal mucosa (P<0.05), but did not differ for the Simpson index (P=0.117). Similarly, for 
colonic contents HF, HF+XY, and HF+AX had a greater Chao1index than LF (P=0.041). For the 
Shannon and Simpson indices, HF and HF+AX were greater than LF and HF+XY (P<0.05). 
Shannon and Simpson indices did not differ among treatments in the colonic mucosa, but 
HF+XY had the greatest Chao1 index (P=0.042).  
Dietary Treatment Modulation of Cecal and Colonic Microbiota  
Figure 4 depicts the relative abundance of the five most abundant phyla and 20 most 
abundant genera among treatments within each location. The five most abundant phyla 
accounted for 96.5%, 97.5%, 97.3%, and 97.7% of all characterized OTUs in cecal contents for 
LF, HF, HF+XY, and HF+AX, respectively. Whereas the 20 most abundant genera among 
treatments accounted for 67.9%, 69.7%, 74.1%, and 70.6% of OTUs present in cecal contents for 
LF, HF, HF+XY, and HF+AX, respectively. In the cecal mucosa, the five most abundant phyla 
comprised 94.4%, 96.4%, 95.4%, and 96.6% of OTUs characterized in LF, HF, HF+XY, and  
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HF+AX, respectively. Likewise, the 20 most abundant genera among microbiota characterized 
from cecal mucosa accounted for 67.8%, 70.2%, 71.8%, and 71.6% of the OTUs characterized in 
LF, HF, HF+XY, and HF+AX, respectively. 
In the colonic contents, the five most abundant phyla comprised 96.8%, 96.8%, 97.8%, 
and 97.3% of OTUs present in LF, HF, HF+XY, and HF+AX, respectively. Whereas in the 
colonic mucosa the five most abundant phyla accounted for 94%, 92.6%, 94%, and 94.9% of the 
OTUs in present in LF, HF, HF+XY, and HF+AX, respectively. The 20 most abundant genera in 
the colonic contents composed 64.4%, 68.5%, 66.8%, and 68.9% of the OTUs found in LF, HF, 
HF+XY, and HF+AX, respectively. Within the colonic mucosa, the 20 most abundant genera 
comprised 59.3%, 63.2%, 63.9%, and 65.2% of OTUs found in in LF, HF, HF+XY, and 
HF+AX, respectively. 
Treatment Modulation of Microbial Genera in the Cecum  
Relative to LF, HF increased Treponema_2 and Ruminococcaceae_UCG-005, and 
reduced Turicibacter and Lactobacillus in cecal contents, (Fig. 5-A; Q < 0.05). In the cecal 
mucosa, relative to LF, HF had a greater proportion of Treponema_2 and 
Rikenellaceae_RC9_gut_group, and Megasphaera and Streptococcus were less abundant (Fig. 5-
B; Q < 0.05). The addition of xylanase to HF increased the presence of Turicibacter, 
Romboutsia, Lachnospiraceae_unclassified, and Ruminococcaceae_UCG-005, but decreased the 
prevalence of Prevotella_9 and Alloprevotella, in the cecal contents (Q <0.05). Relative to HF, 
HF+XY increased Faecalibacterium in the cecal mucosa, and decreased the prevalence of 
Campylobacter (Q < 0.05). The 20 most abundant genera did not differ between HF and HF+AX 
in the cecal contents (Q >0.10), but HF+AX did increase the abundance of Streptococcus and 
decreased the prevalence of Campylobacter (Q < 0.05). 
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Treatment Modulation of Microbial Genera in the Colon  
In the colonic contents, relative to LF, HF increased the prevalence of 
Prevotellaceae_UCG-001, Prevotellaceae_NK3B31_group , Ruminococcus_1, and 
Treponema_2, but decreased the abundance of Prevotella_9, Lactobacillus, Streptococcus, and 
Megasphaera (Fig. 5-C; Q < 0.05). Similarly, compared to LF, HF decreased the abundance of 
Prevotella_9 and Lactobacillus in the colonic mucosa, but increased Helicobacter and 
Ruminococcus_1 (Fig. 5-D; Q < 0.05). Contrarily in the colonic contents, when compared to HF, 
HF+XY increased the abundance of Megasphaera and Lactobacillus but decreased the 
prevalence of Rikenellaceae_RC9_gut_group and Treponema_2 (Q < 0.05). Moreover, the 
addition of xylanase to HF increased the abundance of Lactobacillus, 
Gammaproteobacteria_unclassified, and Ruminococcaceae_UCG-014 in the colonic mucosa, 
but decreased the abundance of Campylobacter, Streptococcus, and Helicobacter (Q < 0.05). 
The addition of AXOS to HF increased Streptococcus and decreased 
Prevotellaceae_NK3B31_group in the colonic contents (Q<0.05). Within the colonic mucosa, 
compared the HF, HF+AX, increased the abundance of Prevotella_9 and 
Gammaproteobacteria_unclassified, but reduced the abundance of Lactobacillus (Q<0.05). 
Treatment Modulation of the 200 Most Abundant OTUs in the Cecal Contents 
Compared to LF, HF significantly increased the prevalence of 44, and reduced 19, of the 
200 most prevalent OTUs characterized from cecal contents (Fig 6-A). Notably, among the 100 
most abundant OTUs in the cecal contents, HF increased the prevalence of 5 OTUs from the 
genus Ruminococcaceae_UCG-005 (OTUs # 10, 23, 36, 58, and 63), 2 unclassified OTUs 
associated with the family Lachnospiraceae (OTUs # 92 and 100), 2 OTUs from the genus 
Rikenellaceae_RC9_gut_group (OTUs # 52 and 70), and 5 OTUs from the family 




OTU_90_Prevotella_1). Interestingly, among the 100 most abundant OTUs in the cecal contents, 
HF significantly decreased the prevalence of OTU_17_Clostridium_sensu_stricto_1, 
OTU_19_Lactobacillus, , OTU_33_Blautia, OTU_53_Holdemanella, 
OTU_64_Subdoligranulum, OTU_67_Pseudoscardovia,  and OTU_72_Bifidobacterium. For 
OTUs 101 through 200 in the cecal contents, when compared to LF, HF increased the prevalence 
of four unclassified OTUs from the family Lachnospiraceae (OTUs #143,146,179, and 188), 2 
OTUs from the genus Rikenellaceae_RC9_gut_group (OTUs #139 and 157), two OTUs from the 
genus Treponema_2 (OTUs # 141 and 177), five OTUs from the family Ruminococcaceae 
(OTUs #123,142,155,163, and 167), and two from the genus Oscillospira (OTUs # 127 and 194 
). However, relative to LF, HF decreased the abundance of OTU_118_Terrisporobacter, 
OTU_131_Phascolarctobacterium, OTU_182_Ruminococcaceae_UCG-005, 
OTU_169_Lactobacillus, OTU_125_Catenibacterium, OTU_189_Lactobacillus, and 
OTU_128_Blautia, in the cecal contents. The addition of xylanase to HF significantly increased 
32, and decreased 27, of the 200 most prevalent OTUs characterized from cecal contents (Fig 6-
B). Notably, HF+XY increased the prevalence of seven unclassified OTUs from the family 
Lachnospiraceae (OTUs # 92,100,143,161,175,179, and 188), seven OTUs from the genus 
Ruminococcaceae_UCG-005 (OTUs # 23,55,58,75,87,163, and 182), three OTUs from the genus 
Lactobacillus (OTUs # 19,169, and 189), two from the Bifidobacterium genus (OTUs # 27 and 
72), and increased the abundance of OTU_160_Faecalibacterium. Moreover, relative to HF, 
HF+XY decreased the prevalence of 9 OTUs from the family Prevotellaceae (OTUs # 




and OTU_129_Escherichia-Shigella in the cecal contents. Compared to HF, HF+AX increased 
the abundance of 12, and decreased seven, of the 200 most prevalent OTUs characterized from 
cecal contents (Fig 6-C). 
Treatment Modulation of the 200 Most Abundant OTUs in the Cecal Mucosa  
Compared to LF, HF significantly increased 36, and decreased 9, of the 200 most 
abundant OTUs characterized in the cecal mucosa (Fig 7-A). In the cecal mucosa, relative to LF, 
HF increased the abundance of seven OTUs from the family Ruminococcaceae  (OTUs # 17, 54, 
84, 100, 146, 154, and 159), 5 OTUs from the Rikenellaceae_RC9_gut_group genus (OTUs # 
19,45,131,145, and 161), five OTUs from the Prevotellaceae family (OTUs 16, 46, 89,104, 129), 
4 OTUs from the Muribaculaceae family (OTUs # 78,86,149, and 153), four OTUs associated 
with the Treponema_2 genus (OTUs # 29, 133, 173,and 189), and three unclassified OTUs from 
the Lachnospiraceae family (OTUs # 66, 181, and198). Interestingly, relative to LF, HF 
decreased the abundance of OTU_1_Streptococcus, OTU_7_Megasphaera, and 
OTU_9_Prevotella_9, in the cecal mucosa. Relative to HF, HF+XY significantly increased 16, 
and decreased 11, of the 200 most abundant OTUs characterized in the cecal mucosa (Fig 7-B). 
Compared to HF, in the cecal mucosa, HF+XY increased the prevalence of three OTUs from the 
Ruminococcaceae_UCG-005 genus (OTUs 54, 85, and 96), and three OTUs from the 
Prevotellaceae family (OTUs 16, 46, and 129). Interestingly, HF+XY also increased the 
prevalence of OTU_31_Lactobacillus, OTU_67_Bifidobacterium, OTU_71_Succinivibrio, 
OTU_124_Catenibacterium, and OTU_172_Faecalibacterium in the cecal mucosa. The addition 
of AXOS to HF significantly increased five, and decreased seven of the 200 most abundant 
OTUs (Fig 7-C). Notably, HF+AX had a greater abundance of OTU_1_Streptococcus and 




Treatment Modulation of the 200 Most Abundant OTUs in the Colonic Contents 
Compared to LF, HF significantly increased 26, and decreased 21, of the 200 most 
abundant OTUs characterized in the colonic contents (Fig 8-A). Relative to LF, HF increased the 
abundance of eight OTUs from the family Ruminococcaceae (OTUs # 21, 92, 100, 113, 157, 
170, 179, and 189), 7 OTUs from the Prevotellaceae family (OTUs # 5, 11, 18, 56, 70, 73, and 
143), five unclassified OTUs from the Lachnospiraceae family (OTUs # 41, 84, 86, 112, and 
164), and increased the abundance of  OTU_130_Acetitomaculum and OTU_196_Akkermansia. 
Interestingly, relative to LF, HF decreased the abundance of OTU_2_Streptococcus, 
OTU_6_Megasphaera, OTU_76_Selenomonas, OTU_128_Dorea, OTU_141_Faecalibacterium, 
OTU_165_Phascolarctobacterium, and OTU_172_Methanosphaera in the colonic contents. The 
addition of xylanase to HF significantly increased 29, and decreased 15, of the 200 most 
abundant OTUs characterized in the colonic contents (Fig 8-B). Compared to HF, HF+XY 
increased the abundance of eight OTUs from the family Ruminococcaceae (OTUs # 8, 21, 72, 
83, 92, 100, 105, and 120), and five OTUs from the Lachnospiraceae family (OTUs # 24, 30, 41, 
59, 84, and 133) in the colonic contents. Moreover, compared to HF, HF+XY increased the 
abundance of OTU_6_Megasphaera, OTU_79_Bifidobacterium, OTU_128_Dorea, 
OTU_141_Faecalibacterium, OTU_165_Phascolarctobacterium, OTU_172_Methanosphaera, 
and OTU_173_Catenibacterium in the colonic contents. Compared to HF, HF+AX increased the 
abundance of nine, and decreased 12, of the 200 most prevalent OTUs characterized from 
colonic contents (Fig 8-C). Notably, the addition of AXOS to HF increased the abundance of 
OTU_2_Streptococcus, OTU_56_Alloprevotella_5, OTU_85_Coprococcus_1, 
OTU_125_Prevotella_7, OTU_128_Dorea, OTU_138_Treponema_2, 
OTU_172_Methanosphaera, OTU_173_Catenibacterium, and 
OTU_187_Spirochaetaceae_unclassified in the colonic contents. However, HF+AX had 
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decreased prevalence of OTU_79_Bifidobacterium, 
OTU_140_Ruminococcaceae_NK4A214_group, OTU_143_Prevotellaceae_unclassified, 
OTU_144_Agathobacter, OTU_156_Acidaminococcus, and OTU_196_Akkermansia, compared 
to HF in colonic contents.  
Treatment Modulation of the 200 Most Abundant OTUs in the Colonic Mucosa  
Relative to LF, HF significantly increased eight of the 200 most abundant OTUs 
characterized from colonic mucosa (Fig 9-A): OTU_176_Treponema_2, 
OTU_149_Treponema_2, OTU_98_Helicobacter, OTU_147_Muribaculaceae_unclassified, 
OTU_11_Prevotellaceae_NK3B31_group, OTU_182_Lachnospiraceae_unclassified, 
OTU_87_Prevotellaceae_unclassified, and OTU_10_Streptococcus. Moreover, compared to LF, 
HF had decreased abundance of 10 of the 200 most abundant OTUs characterized from colonic 
mucosa: OTU_127_Lachnospiraceae_unclassified, OTU_189_Desulfovibrio, 
OTU_134_Treponema_2, OTU_158_Lachnospiraceae_unclassified, OTU_8_Megasphaera, 
OTU_187_Rikenellaceae_RC9_gut_group, OTU_81_Ruminococcaceae_UCG-010, 
OTU_117_Lactobacillus, OTU_31_dgA-11_gut_group, and OTU_3_Lactobacillus. Relative to 
HF, HF+XY significantly increased 19, and decreased 10, of the 200 most abundant OTUs 
characterized from colonic mucosa (Fig 9-B). Compared to HF, in the colonic mucosa, HF+XY 
increased the prevalence of five OTUs from the Ruminococcaceae family (OTUs 14, 30, 42, 122, 
134, and 139), three OTUs from the Lachnospiraceae family (OTUs 80, 127, and 158), three 
OTUs from the Lactobacillus genus (OTUs 3, 117, and 124), two OTUs from the Prevotellaceae 
family (OTUs 85 and 104), and two OTUs from the Rikenellaceae_RC9_gut_group (OTUs 105 
and 187). Moreover, HF+XY had a greater abundance of OTU_47_Bifidobacterium, 
OTU_31_dgA-11_gut_group, and OTU_4_Gammaproteobacteria_unclassified in the colonic 
mucosa. Contrarily, the addition of xylanase to HF reduced the abundance of 
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OTU_189_Desulfovibrio, OTU_176_Treponema_2, OTU_149_Treponema_2, 
OTU_56_Ruminococcaceae_UCG-005, OTU_79_Alloprevotella, OTU_97_Subdoligranulum, 
OTU_10_Streptococcus 
OTU_98_Helicobacter, OTU_147_Muribaculaceae_unclassified, and 
OTU_182_Lachnospiraceae_unclassified in the colonic mucosa. Relative to HF, HF+AX 




11_gut_group, and OTU_4_Gammaproteobacteria_unclassified. Moreover, compared to HF, 
HF+AX had reduced abundance of 7 OTUs in the colonic mucosa (Fig. 9-C): 
OTU_189_Desulfovibrio, OTU_149_Treponema_2, OTU_182_Lachnospiraceae_unclassified, 
OTU_176_Treponema_2, OTU_136_Rikenellaceae_RC9_gut_group, 
OTU_147_Muribaculaceae_unclassified, and OTU_97_Subdoligranulum.  
PICRUSt2 Targeted Gene Characterizations 
Relative to LF, HF increased the abundance of predicted gene counts for propionate 
kinase, L-lactate dehydrogenase, acetate-CoA ligase (ADP-forming), and phosphoketolase in the 
cecal contents (Fig. 10-A; Q <0.05). The addition of xylanase to HF increased predicted gene 
counts for acetate kinase, phosphate acetyltransferase, endo-1,4-beta-xylanase, acetate CoA-
transferase, xylose isomerase, L-lactate dehydrogenase, and xylulose kinase (Q<0.05). 
Compared to HF, HF+AX increased the abundance of predicted gene counts for phosphate 




In the cecal mucosa, relative to LF, HF increased predicted gene counts for acetate-CoA 
ligase (ADP-forming), propionate CoA-transferase, phosphoketolase, and propionate kinase (Fig. 
10-B; Q <0.05). Compared to HF, HF+XY increased xylan 1,4-β-xylosidase, succinate-CoA 
ligase (ADP-forming), xylulose kinase, acetate--CoA ligase (ADP-forming), oligosaccharide 
reducing-end xylanase, phosphoketolase, and non-reducing end alpha-L-arabinofuranosidase 
predicted gene counts in the cecal mucosa (Q<0.05). The addition of AXOS to HF increased 
acetate--CoA ligase (ADP-forming), oligosaccharide reducing-end xylanase, and alpha-
galactosidase predicted gene counts in the cecal mucosa.  
In the colonic contents, relative to LF, HF increased predicted gene counts for propionate 
CoA-transferase, acetate--CoA ligase (ADP-forming), l-lactate dehydrogenase, and succinyl-
CoA:acetate CoA-transferase (Fig. 10-C; Q <0.05). The addition of xylanase to HF increased 
predicted gene counts for non-reducing end alpha-L-arabinofuranosidase, phosphoketolase, 
oligosaccharide reducing-end xylanase, and butyrate--acetoacetate CoA-transferase in the 
colonic contents (Q <0.05). Likewise, compared to HF, HF+AX  pregulated acetate--CoA ligase 
(ADP-forming), phosphoketolase, and non-reducing end alpha-L-arabinofuranosidase predicted 
gene counts in colonic content (Q <0.05).  
In the colonic mucosa, compared to LF, HF a greater abundance of predicted gene counts 
for propionate kinase, glucuronoarabinoxylan endo-1,4-beta-xylanase, and endo-1,4-beta-
xylanase (Fig. 10-D; Q<0.05). Relative to HF, HF+XY increased xylose isomerase, butyrate--
acetoacetate CoA-transferase, xylulose kinase, L-lactate dehydrogenase, succinyl-CoA:acetate 
CoA-transferase, propionate kinase, and endo-1,4-beta-xylanase predicted gene counts in the 
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 colonic mucosa (Q <0.05). Compared to HF, HF+AX increased acetate--CoA ligase (ADP-
forming), propionate CoA-transferase, and propionate kinase predicted gene counts in the 
colonic mucosa (Q<0.05).  
Discussion 
In swine nutrition, there has been a renewed interest in the beneficial aspects of DF, and 
particularly, its ability to modulate microbiota and gut health (Jha et al., 2019). However, the DF 
found in swine diets is often insoluble and poorly fermented by the hindgut microbiota, and often 
stems from corn and corn co-products (Gutierrez et al., 2013). Arabinoxylans encompass nearly 
half of the DF found in corn and several corn co-products (Jaworski et al., 2015). Corn-based 
arabinoxylans are poorly fermented due to the degree of interaction with other plant components, 
arabinose substitutions, abundant phenolic cross linkages, and lignification (Bach Knudsen, 
2014). One strategy that may improve the fermentability of corn-based arabinoxylans is to 
include xylanase into the diet. Xylanase hydrolyzes the β-(1-4) glycosidic bonds of 
arabinoxylans, and potentially releases AXOS, and more fragmented and depolymerized 
arabinoxylans (Dodd and Cann, 2009; Pedersen et al., 2015). Thus, it is logical that xylanase 
supplementation may improve DF fermentation, as the greater the degree and rate of 
depolymerization of DF, the faster and more efficiently it can be fermented by microbiota (Varel 
and Yen et al., 1997). Moreover, there is increasing evidence in poultry that AXOS can invoke a 
stimbiotic MOA that modulates microbial communities to support fiber degradation beyond what 
is feasible from fermentation of AXOS alone (González-Ortiz et al., 2019). The aim of this 
research was to characterize the modulation of the hindgut microbiota due to increased corn-
based fiber, xylanase, or directly supplemented AXOS in pigs fed corn-based diets for 46 days. It 
was hypothesized that the addition of xylanase or AXOS to a diet high in DF would modulate 
intestinal microbial communities to support greater fiber degradation through a stimbiotic MOA.  
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The overall composition of microbial phyla and families observed in the cecum are 
comparable to what has been defined as “core microbiota” in pigs through a meta-analysis 
conducted by Holman et al., (2017). This is also the case for the overall composition of microbial 
phyla observed in the colon, with the exception of the increased prevalence of Spirochaetes. 
However, Spirochaetes have been observed at a similar relative abundance in the colon of pigs 
raised under commercial conditions (De Rodas et al., 2018). Similar to what Holman et al., 
(2017) observed, Bacteroidetes has an increased prevalence in the mucosa, and Firmicutes were 
more dominant in the contents of the large intestine. At the family level, among all locations, 
Prevotellaceae, Ruminococcaceae, and Lachnospiraceae were the three most dominant families 
present, but when further classified into genera there were unique differences among which 
genera prevailed at each location. Moreover, the microbial genera characterized herein are 
typically present in the cecum and colon of commercially raised pigs (De Rodas et al., 2018; 
Wang et al., 2019). Intriguingly, within this study, there appears to be two discriminant shifts in 
microbial composition among dietary treatments: those due to increased DF (LF vs HF), and 
those due to the addition of xylanase to HF (HF vs HF+XY).  
Relative to a typical corn-soybean meal basal diet (LF), HF increased measures of alpha 
diversity and microbial richness in the cecal contents and mucosa, and colonic contents. These 
differences in microbial diversity, and the modulation of cecal and colonic microbiota by HF, is 
likely a result of increased DF in the ileal digesta entering the large intestine. The HF treatment 
had a 30% addition of corn bran without solubles which increased the NDF content of the diet by 
nearly 3-fold compared to LF. Moreover, LF had increased ileal digestibility of both DM and 
NDF in a related study (Petry et al., 2019b), and thus, would have less NDF entering the hindgut 
to be utilized as a substrate for microbiota. It has been established that diets enriched with DF 
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promote microbial diversity in the large intestine of humans (Sonnenburg et al., 2016; Makki et 
al., 2018). Moreover, the increase in microbial diversity by HF is in agreement with Liu et al., 
(2018) who observed increased in the Shannon index in fecal microbiota from nursery pigs fed 
corn bran at an inclusion rate of 5% .  
Within the cecal contents, HF increased the abundance of Ruminococcaceae_UCG-005, 
and in general, microbes in the Ruminococcaceae family are known to degrade and metabolize 
complex plant carbohydrates (Biddle et al., 2013; Chatellard et al., 2016). Moreover, HF 
increased the prevalence of Treponema_2 in the cecal mucosa and contents. While little is 
known about Treponema_2 in the swine microbiota, in ruminants, Treponema is known to 
increase in concert with cellulolytic bacteria such as Ruminococcaceae_UCG-005 (Karri et al., 
2016; Xie et al, 2018). This is further supported by the drastic increase in Treponema_2 by HF in 
the colonic mucosa, and the modulation of Prevotellaceae. In contrast, relative to LF, HF 
deceased Turicibacter and Lactobacillus in the cecal contents, and Megasphaera and 
Streptococcus in the mucosa. Turicibacter, although there is limited information about this 
genus, has been found to increase in humans who consume low fiber diets (Gomes-Arango et al., 
2018) and is positively correlated with increased body weight in pigs (Wang et al., 2019). 
Indeed, LF is lower in DF than HF, and pigs fed LF had increased BW in a related study (Petry 
et al., 2020a). The reduction is Megasphaera by HF, or inversely, a greater abundance of 
Megasphaera in LF, is in agreement with research that suggest pigs with greater feed efficiency, 
such as LF, have a greater abundance of Megasphaera (Tan et al., 2018; Petry et al., 2020a). In 
the colonic contents and mucosa, HF increased the abundance of Ruminococcus_1, and at the 
OTU level, Ruminococcus_1 was increased in the cecal contents and mucosa. The increased 
abundance of Ruminococcus_1 could be a result of increased mucin production as species within 
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the Ruminococcus genus are prolific degraders of the polyglycans found in mucins (Crost et al., 
2018). Furthermore, the abrasiveness of insoluble DF can increase mucin production in the 
gastrointestinal tract (Montagne et al., 2004; Agyekum and Nyachoti, 2017). 
Across all locations, HF increased the abundance of various OTUs from the 
Lachnospiraceae, Ruminococcaceae, and Prevotellaceae families. Many species within these 
families have the potential to ferment diverse and complex polysaccharides (Biddle et al., 2013; 
Meehan and Beiko, 2014; Chen et al., 2017). Moreover, the increase in predicted gene counts for 
enzymes associated with propionate production by HF, support the degradation of DF by 
Prevotellaceae (Chen et al., 2017). However, in Petry et al. (2019b, 2020b), compared to LF, HF 
had reduced SCFA concentrations and NDF digestibility in cecal and colonic contents. 
Interestingly, a study by Quan et al., (2018) found pigs with poor feed efficiency had a greater 
abundance of Lachnospiraceae, Ruminococcaceae, and Prevotellaceae families in the cecum and 
colon compared to more feed efficient pigs fed the same corn-soybean meal-based diet. It is 
plausible that these families are less efficient at fermenting DF, compared to the microbial 
communities that were more abundant in LF.  
Supplementing xylanase to HF increased all measures of alpha diversity in the cecal 
content, and HF+XY had the greatest Chao1 index among treatments in the colonic mucosa. 
Including a carbohydrase blend that contained xylanase in wheat bran and soybean hull-based 
swine diets increased the Chao1 and Shannon indices of ileal digesta and feces (Zhang et al., 
2018a). However, Zhang et al., (2018b) observed no differences in the Shannon and Simpson 
indices of cecal contents from pigs fed a corn distiller’s dried grains with solubles (DDGS)-based 
diet supplemented with xylanase with a similar dietary adaptation time. These opposing results 
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are potentially due to the recalcitrant nature of corn DDGS to xylanase hydrolysis (Abellia and 
Stein, 2019), whereas, corn-bran appears to be more susceptible to xylanase (Petry et al., 2020a).  
Directly supplementing AXOS did not alter alpha diversity measurements in the colonic 
contents, with the exception of greater Simpson and Chao1 indices than LF and HF+XY, but not 
HF. Moreover, HF+AX did not modulate microbial communities to the same degree, or in a 
similar manner, to HF+XY. This is counterintuitive to what has been observed in poultry, and 
the prebiotic-like effect of AXOS supplementation in humans (Grootaert et al.,2007; Bautil et al., 
2020; Morgan et al., 2019). It is plausible that AXOS produced in situ by xylanase differs in 
composition and degrees of polymerization due to the intrinsic complexities of corn-based 
arabinoxylans. Moreover, pigs, compared to poultry, have a longer intestine relative to their body 
weight (Moran, 1982). Thus, it is reasonable to speculate that the AXOS in HF+AX could have 
been fermented in the small intestine, and unable to modulate hindgut microbiota. Xylanase also 
has the potential to degrade arabinoxylans across the gastrointestinal tract, and continually 
produce soluble AXOS throughout the large intestine. 
The most recently proposed MOA of xylanase suggests the in situ produced AXOS 
stimulates gastrointestinal microbiota to digest DF to a greater degree than the fermentation of 
AXOS alone (Bedford, 2018). This was later coined as a ‘stimbiotic’ or ‘stimbiotic mechanism’ 
by González-Ortiz et al., (2019). Compared to HF, HF+XY increased predicted genes of 
microbial enzymes associated with pentose metabolism and arabinoxylan degradation in cecal 
contents, cecal mucosa, and colonic mucosa (Fig. 10). These findings would suggest xylanase 
does indeed stimulate a fiber-fermenting microbiome in the large intestine of the pig. Moreover, 
within cecal and colonic contents, HF+XY increased the abundance of several OTUs within the 
Lachnospiraceae and Ruminococcaceae families to a greater degree than their modulation by HF 
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alone. Genomic investigation into the metabolic capacities of Lachnospiraceae and 
Ruminococcaceae suggest these microbial communities are able to metabolize xylose and 
produce microbial carbohydrases (Biddle et al., 2013). These data, in conjunction with the 
improved cecal digestibility of NDF observed by Petry et al., (2019b), further supports the 
premise that xylanase elicits a stimbiotic MOA. Likewise, the upregulation of xylan 1,4-β-
xylosidase and alpha-L-arabinofuranosidase predicted gene counts within the cecal mucosa also 
suggest liberated AXOS are being fermented within the cecum. This is further supported by the 
findings of Petry et al., (2020b), who observed HF+XY increased both the absolute concentration 
and molar proportion of acetate in the cecum. 
Interestingly, xylanase across locations increased Lactobacillus, Bifidobacterium, and 
Faecalibacterium at either the genus or OTU level. The increased abundance of Lactobacillus 
and Bifidobacterium by xylanase has also been observed in poultry (Vahjen et al., 1998; 
Gonzalez-Ortiz et al., 2020). The increased prevalence of these microbial communities implies 
HF+XY promoted beneficial cross feeding that would favor acetate and butyrate production in 
the large intestine (Zeybek et al., 2020). Several species within the Lactobacillus genus have the 
capacity to utilize more polymerized and complex AXOS, and this often results in the production 
of small AXOS, lactate, and acetate (Immerzeel et al., 2014; McLaughlin et al., 2015). 
Bifidobacterium are likely feeding on the short AXOS liberated by exogenous xylanase, 
Lactobacillus, and other fibrolytic microbiota (Rivière et al., 2014). The increase in 
Lactobacillus and Bifidobacterium would also explain the increase in predicted gene counts for 
oligosaccharide reducing-end xylanase in the cecal contents, cecal mucosa, and colonic mucosa 
(Grootaert et al.,2007; Moura et al., 2007). Moreover, Bifidobacterium have the capacity to 
metabolize pentoses through the bifid shunt pathway which ultimately results in the production 
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of acetate (Rivière et al., 2016). This would explain the increase in cecal acetate production 
observed by Petry et al., (2020b), and the rise in Faecalibacterium in the cecal mucosa. 
Faecalibacterium, whose only known species is Faecalibacterium prausnitzii, is an acetate-
consuming and butyrate-producing bacterium that does not utilize carbohydrates efficiently and 
requires acetate for optimal proliferation (Falony et al., 2006; Miquel et al., 2014). The increase 
in Faecalibacterium in colonic contents by HF+XY may also explain the increase in molar 
proportion of butyrate reported by Petry et al., (2020b). 
Butyrate is the preferential energy source for colonocytes and is a potent modulator of 
gastrointestinal health (Bedford and Gong, 2017). Moreover, butyrate aids in the control of 
enteric pathogens, reduces inflammation, and mitigates reactive oxygen species (Bach Knudsen 
et al., 2018). The butyrate produced from the metabolic cross-feeding of AXOS by 
Lactobacillus, Bifidobacterium, and Faecalibacterium may potentially explain the reductions in 
finishing pig mortality often observed when xylanase is used in commercial pork production 
(Zier-Rush et al., 2016). Moreover, in recent years, there have been several studies that observed 
xylanase modulates gastrointestinal health, immune function, oxidative stress, and intestinal 
morphology of pigs (Tiwari et al., 2018; Petry et al., 2020b; Chen et al., 2020). Potentially, these 
health benefits are a consequence of the aforementioned microbial modulation by xylanase.  
Conclusions 
Diets with higher DF increase microbial diversity in the large intestine and favor 
microbial communities that degrade complex carbohydrates and mucins. However, HF also 
reduced microbial communities found in abundance in the microbiome of more feed efficient 
pigs. Supplementing xylanase in HF further increased microbial diversity in cecal contents and 
colonic mucosa and favored microbial communities that produce microbial carbohydrases and 
ferment AXOS. Of particular interest, HF+XY increased the abundance of Lactobacillus, 
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Bifidobacterium, and Faecalibacterium across the large intestine. These genera are known to 
work cooperatively to produce butyrate and may explain the unexpected health benefits 
commonly observed with xylanase supplementation in pigs. These data support the recently 
proposed stimbiotic MOA of xylanase. Compared to xylanase, AXOS did not elicit a similar 
response in hindgut microbiota. It is likely this oligosaccharide differs in composition from that 
produced by xylanase or may have been fermented in the small intestine. These data warrant 
further investigation into the stimbiotic potential of xylanase.  
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Table 5.1. Enzymes selected for gene prediction-based analysis using Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States. 
Enzyme Commission Number Accepted Name 
1.1.1.9 D-xylulose reductase 
1.1.1.27 L-lactate dehydrogenase 
1.1.1.28 D-lactate dehydrogenase 
2.3.1.8 Phosphate acetyltransferase 
2.7.2.1 Acetate kinase 
2.7.2.7 Butyrate kinase 
2.7.2.15 Propionate kinase 
2.7.1.17 Xylulose kinase 
2.8.3.1 Propionate CoA-transferase 
2.8.3.8 Acetate CoA-transferase 
2.8.3.9 Butyrate--acetoacetate CoA-transferase 
2.8.3.18 Succinyl-CoA:acetate CoA-transferase 
3.1.1.73 Ferulic acid esterase 
3.2.1.8 Endo-1,4-β-xylanase 
3.2.1.22 Alpha-galactosidase 
3.2.1.37 xylan 1,4-β-xylosidase 
3.2.1.55 Non-reducing end T-L-arabinofuranosidase 
3.2.1.136 Glucuronoarabinoxylan endo-1,4-β-xylanase 
3.2.1.139 Alpha-glucosiduronase 
3.2.1.156 Oligosaccharide reducing-end xylanase 
4.1.2.9 Phosphoketolase 
5.3.1.5 Xylose isomerase 
6.2.1.1 Acetate--CoA ligase 
6.2.1.5 Succinyl-CoA synthetase (ADP-forming) 











Figure 5.1. Summary of phyla, family, and genera microbial composition of cecal contents and 
mucosa among all pigs (N=60). (A) Phyla composition of cecal contents; (B) Family 
composition of cecal contents; (C); Genera composition of cecal contents; (D) Phyla 
composition of cecal mucosa; (E) Family composition of cecal mucosa; (F); Genera composition 
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Figure 5.2. Summary of phyla, family, and genera microbial composition of colonic contents 
and mucosa among all pigs (N=60). (A) Phyla composition of colonic contents; (B) Family 
composition of colonic contents; (C); Genera composition of colonic contents; (D) Phyla 
composition of colonic mucosa; (E) Family composition of colonic mucosa; (F); Genera 
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Figure 5.3. Indices of α-diversity of microbial OTUs among treatments present in the contents 
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Figure 5.4. The relative abundance of the five most abundant phyla and 20 most abundant 
























































































































































































































































































































































Figure 5.5. The Log2 fold change difference between LF vs. HF, HF vs. HF+XY, HF vs. 
HF+AX for the 20 most abundant microbial genera in the contents and mucosa from the cecum 
and colon with a Q-value < 0.05.  
















































































Figure 5.6. The Log2 fold change difference between (A) LF vs. HF, (B) HF vs. HF+XY, (C) 
HF vs. HF+AX or OTUs with a contrast Q-value < 0.05 from the 200 most abundant OTUs 
among treatments present in the cecal contents.  
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Figure 5.7. The Log2 fold change difference between (A) LF vs. HF, (B) HF vs. HF+XY, (C) 
HF vs. HF+AX or OTUs with a contrast Q-value < 0.05 from the 200 most abundant OTUs 
among treatments present in the cecal mucosa. 
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Figure 5.8. The Log2 fold change difference between (A) LF vs. HF, (B) HF vs. HF+XY, (C) 
HF vs. HF+AX or OTUs with a contrast Q-value < 0.05 from the 200 most abundant OTUs 
among treatments present in the colonic contents. 
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Figure 5.9. The Log2 fold change difference between (A) LF vs. HF, (B) HF vs. HF+XY, (C) 
HF vs. HF+AX for OTUs with a contrast Q-value < 0.05 from the 200 most abundant OTUs 
among treatments present in the colonic mucosa.  
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Figure 5.10. The Log2 fold change between LF vs. HF, HF vs. HF+XY, and HF vs. HF+AX for 
the PICRUSt2 significantly different predicted gene counts for enzymes associated with bacterial 
arabinoxylan degradation, xylose metabolism, or short chain fatty acid metabolism found in the 
(A) cecal contents, (B) cecal mucosa, (C) colonic contents and (D) colonic mucosa. 
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Abstract  
Xylanase may mitigate the nutrient encapsulation effect of non-starch polysaccharides 
(NSP) by hydrolyzing arabinoxylans within the cell wall. However, there is a paucity of research 
investigating this mechanism of action (MOA) in vivo in pigs fed corn-based fiber. Sixty gilts 
(25.4 ± 0.9 kg BW; L337 × Camborough) were blocked by weight, housed individually, and 
randomly assigned to one of four dietary treatments: a low-fiber control [LF, 11.7% total dietary 
fiber (TDF)]; a higher-fiber control diet with 30% corn bran without solubles (HF, 24.9% TDF); 
HF+100 mg xylanase/kg [HF+XY, (Econase XT 25P; AB Vista, Marlborough, UK)] providing 
16,000 birch xylan units per kg; and HF+50 mg arabinoxylan-oligosaccharide/kg [HF+AX, (3–7 
degrees of polymerization)]. Gilts were fed ad libitum for 36 d, followed by 10-d of limit feeding 
(80% of average ad libitum intake) and were housed in metabolism crates. On d 46, pigs were 
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necropsied and ileal digesta was collected; ileal digesta was pooled within pig within replicate 
for NSP and TDF analysis (n=6 per treatment). Data were analyzed as a linear mixed model with 
replicate and block as random effects, and treatment as a fixed effect. Compared to LF, HF 
reduced (P<0.01) apparent ileal digestibility (AID) of total NSP (32.7 vs. 16.3%), insoluble NSP 
(50.0 vs. 21.5%), and insoluble arabinoxylan (29.8 vs. 15.4%). Xylanase increased the AID of 
total NSP by 39.8% (27.1 vs. 16.3%) and insoluble NSP by 34.0% (P<0.01). This may be 
attributed to xylanase increasing AID of total arabinoxylan by 54.5% over HF, 44.5% over LF, 
and 56.9% over HF+AX (P=0.02). Relative to LF, HF reduced the AID of TDF and IDF 
(P<0.01); compared to HF, HF+XY increased the AID of TDF and IDF (P<0.01). Although 
unquantifiable, scanning electron microcopy images of ileal digesta from HF+XY revealed 
apparent hydrolysis of the pericarp to expose the attached vitreous endosperm within corn bran 
particles. Dimensionality reduction via principal component analysis of Fourier-transform 
infrared spectra (FTIR) from ileal digesta suggests peaks at 1000 cm-1 and 1600 cm-1 explains 
the majority of the variance among the spectra. Principal component analysis revealed clustering 
among LF, with marginal clustering among HF+XY. In total, these data provide in vivo evidence 
that xylanase improves arabinoxylan digestion and exposes trapped intracellular components to 
endogenous enzyme within the intestine.  
Introduction  
When economically justified, swine nutritionists will utilize industrial co-products as a 
replacement for more costly whole grains and oilseed meals. The most utilized industrial co-
products in modern pork production originate from corn grain. While this formulation strategy 
reduces feed cost - the largest single expense in pork production - it often increases the non-
starch polysaccharide (NSP) content of the diet. In turn, this decreases the concentration of more 
digestible carbohydrates (i.e. starch; Patience and Petry, 2019). This is due to industrial co-
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products containing more of the structural components of the grain (i.e. bran and germ) which 
are richer in NSP, lipids, and structural proteins (Kim et al., 2008). Because of the indigestibility 
of NSP, feeding diets with corn co-products frequently reduces feed efficiency, and often results 
in lower yielding carcasses (Weber et al., 2015). Supplementing exogenous carbohydrases that 
hydrolyze NSP is one strategy entertained by nutritionist to mitigate the antinutritive effects of 
these fibrous co-products (Adeola and Cowieson, 2011). Of the NSP types intrinsic to corn, 
arabinoxylan is the most abundant in corn co-products (Gutierrez et al., 2013; Petry and 
Patience, 2020).  
Xylanase is a carbohydrase that depolymerizes arabinoxylans and may improve the 
utilization of NSP by the pig. One potential mechanism of action (MOA) of xylanase is the 
release of nutrients trapped within the plant cell wall matrix, by degrading the arabinoxylans that 
serve as an integral component of this structure (deLange et al., 2010). Thus, nutrients that would 
otherwise be inaccessible to endogenous enzymes would be released. The concept of this MOA 
has largely been supported by improvements in the digestibility of starch, crude protein, and 
various minerals and amino acids when xylanase is supplemented in the diet (Kerr et al., 2013; 
Passos et al., 2015). However, these digestibility metrics provide no discernment on whether it is 
due to the release of trapped nutrient MOA, or other possible MOAs that alter nutrient 
digestibility, such as the attenuation of increased digesta viscosity (Patience and Petry, 2019). 
There is extensive in vitro microscopic evidence to support this MOA (Le et al., 2013; Jha et.al, 
2015; Ravn et.al, 2016), but minimal work has been conducted in corn-based diets or in vivo.  
Therefore, the objective of this research was to investigate in vivo the MOA of xylanase 
known as release trapped nutrient in pigs fed corn bran by 1) measuring the apparent ileal 
digestibility (AID) of various fiber components; 2) evaluating alterations in the structural 
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topography of corn bran identified in the ileal digesta via scanning electron microscopy (SEM); 
and 3) investigate modifications to the chemical spectra of ileal digesta obtained from Fourier-
transform infrared spectroscopy (FTIR). We hypothesized that the hydrolysis of arabinoxylans 
by xylanase would improve the AID of various fiber measurements, alter the structural 
topography of corn bran identified within ileal digesta, and emit a modified FTIR chemical 
spectra compared to a control. 
Materials and Methods  
All experimental procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee (#9-17-8613-S). This experiment adhered to guidelines for the 
ethical and humane use of animals for research according to the Guide for the Care and Use of 
Agricultural Animals in Research and Teaching (FASS, 2010). This research is a continuation of 
work by Petry et al., (2020), and readers are referred there for in-depth animal methods. All 
analytical methods specific to these data are provided in the materials and methods. The animal 
and experimental methods reported by Petry et al., (2020)  are summarized below to orient 
readers to the study and treatment design.  
Animals, Housing, and Experimental Design 
Three replicates of 20 individually housed gilts (N=60) with an initial body weight of 
25.4 ± 0.9 kg were used in 46-d trial. Pigs were blocked by initial body weight and randomly 
assigned within a block to 1 of 4 dietary treatments: a low-fiber control [LF, 11.7% total dietary 
fiber (TDF)]; a higher-fiber control containing 30% corn bran without solubles (HF, 24.9% 
TDF); HF+100 mg xylanase/kg [HF+XY, (Econase XT 25P; AB Vista, Marlborough, UK)] 





[HF+AX, (3–7 degrees of polymerization)]. Pigs were fed ad libitum for 36 d followed by a 10-d 
limit fed metabolism study where gilts were housed in metabolism crates. On d 46, pigs were 
euthanized for sample collections via captive bolt stunning followed by exsanguination. 
Diets and Feeding 
During the metabolism study, pigs were limit fed 80% of the average daily feed intake 
among all treatments of the first replicate. The daily feed allotment for the metabolism study was 
split into two daily meals at 0700 and 1500 h. Experimental diets were formulated to meet or 
exceed the nutritional requirements of growing pigs according to National Research Council 
(2012). Feed was provided in mash form. The energy level within the diet was allowed to float 
by design, but amino acids, Ca, and P requirements were met across dietary treatments through 
modifications to the levels of synthetic amino acids, limestone, and monocalcium phosphate 
across formulations. Chromium trioxide (Cr2O3), an indigestible marker, was included to 
calculate digestibility coefficients using the index method (Oresanya et al., 2007). Complete diet 
formulations, calculated nutrients, and analyzed chemical composition are reported by Petry et 
al., (2020).  
Sample Collections  
Diet samples were collected at the time of mixing and stored at -20°C for future analysis. 
During necropsies on d 46, ileal digesta was collected from a 156 cm section of ileum collected 
cranial to the ileocecal junction. Ileal digesta was subsampled, snap-frozen in liquid nitrogen, 
and stored at -20°C to avoid bacterial or chemical degradation. Digesta samples were lyophilized 
prior to assay. Due to the limited amount of recovered dry matter (DM) from some individual 
pigs, ileal digesta was pooled within treatment and replicate from pigs within blocks 1 and 2 and 
from pigs within blocks 3, 4, and 5. With three replicates, a total of six digesta samples per 
treatment were thus obtained for subsequent NSP and TDF analysis.  
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Chemical Analytical Methods 
Chemical analysis of diets and ileal digesta was performed at the Monogastric and 
Comparative Nutrition Laboratory (Iowa State University, Ames, IA), the Monogastric Nutrition 
Laboratory (University of Illinois Urbana-Champaign, IL), and at the Department of 
Agricultural, Food and Nutrition Science, University of Alberta (Edmonton, AB, Canada). Diet 
subsamples were dried in a convection oven at 60°C until a constant weight was achieved. All 
samples were ground through a 0.5-mm screen using a Wiley Mill (Variable Speed Digital ED-5 
Wiley Mill; Thomas Scientific, Swedesboro, NJ). After grinding, samples were stored in 
desiccators to maintain DM content. Samples were analyzed in duplicate for DM (method 930.15 
of AOAC, 2007) and Cr2O3 (Fenton and Fenton, 1979). Digesta and feed samples were analyzed 
for total and insoluble NSP according to the methods of Englyst et al. (1994) using gas 
chromatography to separate the individual sugar constituents, after having been derivatized to 
alditol acetates. Soluble NSP of dietary components were estimated by subtracting insoluble 
NSP from total NSP. Insoluble dietary fiber (IDF) and soluble dietary fiber (SDF) were 
determined in tandem using the Ankom TDF Dietary Fiber Analyzer (AOAC 991.43; AOAC, 
2007; Ankom Technology, Macedon, NY). Total dietary fiber (TDF) was calculated as the sum 
of IDF and SDF.  
FTIR, Confocal Light Microscopy, and Scanning Electron Microscopy  
 The FTIR spectra of all ileal digesta samples, and confocal optical images of corn 
bran and ileal digesta from HF, HF+XY, and HF+AX were conducted in the Department of 
Chemistry at Iowa State University (Ames, IA). An Agilent Cary 630 Fourier-Transformed 
Infrared Spectrometer with an attenuated total reflection accessory (Agilent Technologies Inc., 
Wilmington, DE) with a resolution of 8-nm was utilized to measure all ileal digesta samples. A 
total of 8 background and 8 spectra scans per sample were collected. The FTIR spectra among 
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samples were averaged and the intensity of emissions for wavenumbers 500 to 4000 cm-1are 
plotted in Fig. 1-A. The FTIR spectra were subjected to dimensionality reduction via principal 
component analysis into 3 principal component (PC) loadings, and the feature extractions of 
these loading are summarized in Figure 1-B. An XploRA Plus Raman confocal upright 
microscope (HORIBA Scientific, Edison, New Jersey) with a Synapse EMCCD camera was used 
to collect confocal optical images of corn bran, complete diets, and ileal digesta samples. The 
optical images were collected in the epi-direction with an Olympus objective (20× magnification, 
0.4 numerical aperture). The microscope scaling of images was maintained in figure preparation.  
Detailed images depicting the topography of corn bran and the ileal digesta from HF, 
HF+XY, and HF+AX were captured using field-emission SEM at the Roy J. Carver High 
Resolution Microscopy Facility (Iowa State University, Ames, IA). Briefly, samples were 
uniformly mounted on circular aluminum stubs with double-sided carbon tape and coated with 
platinum to a maximum thickness of 8 nm using a high-resolution sputter coater adapted with a 
high-resolution thickness controller (HR 208, Cressington Scientific Instruments Ltd, Watford, 
UK). Samples were examined with an ultra-low voltage cold cathode field emission scanning 
electron microscope (Hitachi S-4800, Hitachi, Krefeld, Germany) at a voltage of 10.0 kV. 
Multiple representative pictures of each sample were captured at 50x, 100x, 200x, and 500x 
magnification, and images were scaled with the associated software (4800 FE-SEM Hitachi 
Internal Software, Hitachi; Krefeld, Germany). A representative picture of each treatment was 
selected by a research technician highly skilled in advance microscopy techniques and imaging. 
This technician was blinded to treatments and experimental hypothesis in order to prevent 




Data were analyzed according to the following mixed model using PROC MIXED in 
SAS 9.3 (SAS Inst., Cary, NC):  
?!"#$ = 	@ + A!	 + B" + C#	 + D!"#$ 
where ?!"#$ is the observed value for lth experimental unit within the ith level of dietary 
treatment of the jth block for the lth pig in the kth replicate; @ is the general mean; A!	 is the fixed 
effect of the ith diet (i= 1 to 4); B" is the random effect of the jth block (j=1 to 5); C#	is the random 
effect of the kth replicate (k=1 to 3); and D!"#$ is the associated variance as described by the 
model for ?!"#$ (l=1 through 60); assuming B" 	~F G0, IJ&!
' K , C#		~F(0, IJ("	
' ), and 
D!"#$ 	~F(0, IJ)'), where I is the identity matrix.  
The normality and homogeneity of the studentized residuals from the reported model 
were verified. Outliers were removed if studentized residuals were greater than 3 standard 
deviations away from the mean residual. Least square means were separated using Fisher’s Least 
Significant Difference test, and treatment differences were considered significant if P≤	0.05 and 
trends if 0.05>P < 0.10. The principal component loadings captured from FTIR spectra (Fig. 1-
B) were analyzed in relationship to treatments in a 3-dimensional scores plot (Fig. 3-C). The 
principal component analysis was performed with built-in MATLAB functions. A scree plot of 
the variance suggested the first three components captured greater than 98% of the variance (Fig. 
1-C), and was stemming mostly from the ~1000 and 1600 cm-1 peaks (Fig. 1-B) 
Results and Discussion  
Fiber Composition of Experimental Diets  
The use of corn bran without solubles increased the total NSP, insoluble NSP, TDF, and 
IDF content of the diet by 155%, 153%, 112%, and 114%, respectively, compared to the LF 
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control diet (Table 1). This is not surprising as the pericarp structure of the corn kernel (i.e. the 
bran) is contains over half of the NSP content of corn grain (Hopkins et al., 1974; Bach Knudsen, 
2014). Of specific interest, relative to LF, HF had over 3.5 times the amount of total 
arabinoxylans and greater than 4 times the amount of insoluble arabinoxylans. The dietary fiber 
within these diets is mostly insoluble as evident by the limited quantity of soluble NSP and SDF. 
However, the HF diets, contained nearly two-times the SDF compared to LF, although the 
absolute concentration was still very small. This is a direct result of the inclusion of corn bran, as 
other SDF containing feed ingredients were held constant across diet formulations (Petry et al., 
2020). Among all diets, the concentration of TDF and IDF were higher than the total NSP and 
insoluble NSP. While the TDF and total NSP do account for the soluble fiber fraction, unlike 
detergent fiber analyses, they differ in their capability to capture the lignin and phenolic 
components of dietary fiber (Bach Knudsen et al., 1997; Fahey et al., 2019). The TDF and IDF 
procedures account for the lignin component of dietary fiber; whereas, the NSP procedure does 
not unless Klason lignin is measured separately. The purpose of conducting NSP analysis herein 
was to distinguish arabinoxylan content as identifying specific NSP types is a limitation of the 
TDF analysis. The TDF content was analyzed as more encompassing and accurate measure of 
dietary fiber as a whole.  
The Release of Trapped Nutrients by Xylanase  
The NSP within the cell walls of corn preclude the digestion of intracellular components 
by host digestive enzymes. This is commonly referred to as the ‘cage effect’ or ‘nutrient 
encapsulation’ effect of NSP (Bedford and Schulze, 1998). These intracellular components (i.e. 
trapped nutrients) are of value if they are accessible to digestive enzymes, and ultimately, are 
digested, absorbed and utilized by the pig. Indeed, the magnitude of the nutrient encapsulation 
effect of NSP is inversely related to the nutritive value of feed ingredients (Van Campenhout, 
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2007). The concentration of insoluble arabinoxylans within a cereal grain can be a marker of the 
degree of nutrient encapsulation as they are critical to the structure of the cell wall (Kale et al., 
2010). Moreover, the concentration of arabinoxylans in corn-co-products best explains the 
variance in the AID of gross energy and DM (Gutierrez et al., 2014). The arabinoxylan 
degrading carbohydrase, xylanase, has the potential to disrupt cell wall architecture through 
arabinoxylan hydrolysis (Bedford et al., 2002; Khadem et al., 2016). This would expose 
previously trapped nutrients to endogenous enzymes for digestion. This MOA has been mostly 
studied in wheat-based diets and in poultry, but there is a paucity of research with corn-based 
fiber, especially in the pig (Le et al., 2013; Khadem et al., 2016). The central aim of this research 
was to investigate this effect when xylanase is supplemented in the presence of corn-based fiber 
to growing pigs.  
Although not directly quantifiable, the SEM images depicted in Figure 2, and confocal 
images in Figure 3, provided visual evidence to suggest that xylanase disrupts the pericarp 
structure of the bran and exposes a greater proportion of the attached vitreous endosperm to 
endogenous enzymes. Moreover, the increased AID of insoluble arabinoxylans in HF+XY 
provides analytical evidence of xylanase disturbing the cell wall within corn bran – the main 
source of insoluble arabinoxylans in HF treatments. Insoluble arabinoxylans serve as a 
connecting polymer between the primary and secondary cell wall structures, and thus, are vital to 
the architecture of monocot cell walls (Santiago et al., 2013). The arabinose sidechains of 
arabinoxylans in the primary cell wall can undergo oxidative dimerization with hydrocinnamic 
acids to ultimately produce lignin in the secondary cell wall (Saulnier and Thibault, 1999). This 
network of entangled polymers gives the cell rigidity and provides protection to the plant from 
various extrinsic stressors (López-Castillo et al., 2018). While this is a favorable mechanism for 
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the plant, it reduces the digestibility by the pig of plant components. It appears xylanase might 
partially mitigate this nutrient encapsulation by NSP in corn-based diets.  
This MOA could also explain the improvements in the AID of total and insoluble glucose 
by HF+XY, compared to HF. Disrupting the arabinoxylan matrix within the cell wall would 
theoretically improve cellulolytic bacteria access to cellulose. The FTIR data suggest peaks at ~ 
1000 and 1600 have cm-1 have the greatest contribution for the variance within the spectra. These 
peaks are indicative of cellulose (~1000 cm-1) and lignin and hydrocinnamic acids (~1600 cm-
1;Meyer et al., 2011; Lupoi et al., 2012). Moreover, these peaks largely distinguish the clustering 
seen in the PCA analysis (Fig. 1-C). The PCA analysis revealed that LF clustered more closely, 
relative to the HF treatments, and accounted for nearly 97% of the variance in PC 1. This is not 
unexpected as these diets would differ greatly in their cellulose and lignin content (Bach 
Knudsen, 2014). In theory, if xylanase altered the chemical structure of the digesta, it should 
emit an altered FTIR chemical spectra compared to HF. While there is marginal clustering of 
HF+XY in the PCA scores plot, it does not explain enough of the variance to constitute a distinct 
cluster from HF and HF+AX. The FTIR instrument used is considered to be a ‘bulk’ 
measurement and so the most abundant compounds within the sample dominate the spectrum in 
comparison to an SEM instrument that is focused on nanometers of sample.  
Digestibility  
Relative to LF, HF resulted in decreased AID of TDF, total NSP, arabinoxylan, and the 
constituents of arabinoxylan, arabinose and xylose (P<0.05; Table 2). Similarly, HF decreased 
the AID of IDF, insoluble NSP, insoluble arabinoxylan, and its monomeric components 
(P<0.05; Table 3). The absolute value of the digestibility coefficients, and the magnitude of the 
decrease in the AID of TDF and IDF is comparable to basal and high corn-based fiber diets with 
similar TDF levels (Acosta et al., 2020). The decreased AID of fiber components in HF versus 
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LF was expected as increasing dietary NSP, and especially insoluble NSP, irrespective of 
formulation strategy, has been shown to reduce the AID of TDF and IDF (Acosta et al., 2020; 
Gutierrez et al., 2013). It is well established that pigs utilize NSP very poorly and rely largely on 
microbial fermentation to capitalize on any nutritive value of dietary fiber (Agyekum and 
Nyachoti, 2017). Compared to the large intestine, the density of microbiota within the small 
intestine is considerably less, and thus microbial fermentation is less prevalent (Varel and Yen, 
1997). Likewise, the NSP in corn bran is poorly fermented by resident microbiota due to its 
structural complexity and subsequent insolubility (Gutierrez et al, 2013; Tao et al., 2019). 
Insoluble fiber may also increase the intestinal rate of passage, and thus, reduce the retention 
time within the small intestine and limit the fermentation of TDF and NSP (Wenk, 2001; 
Lindberg, 2014).  
The addition of xylanase, but not an arabinoxylan-oligosaccharide, increased the AID of 
TDF and total NSP, relative to HF (P<0.01). This can largely be explained by HF+XY having 
the greatest AID of total and insoluble AX among treatments (P<0.05). The improvement in 
arabinoxylan digestibility is certainly logical as xylanase hydrolyzes the β-(1-4) glycosidic bonds 
of arabinoxylans, and in theory, releases less polymerized and lower molecular weight 
arabinoxylans (Adeola and Cowieson, 2011). Indeed, a review by Petry and Patience (2020) 
suggest xylanase improves the AID of fiber measures in pigs fed corn-based diets in at least 61% 
of the published studies. However, there are also reports of no improvements (Abelilla and Stein, 
2018). It is plausible the length of adaptation time herein may have increased the efficacy of 
xylanase (Petry and Patience, 2020). In contrast to improving the AID of arabinoxylan, the 
addition of xylanase tended to reduce the AID of total mannose (P<0.10) and had the lowest 
AID of insoluble mannose among treatments (P<0.05). This is potentially a result of xylanase 
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modulating  microbial communities that favor arabinoxylan-oligosaccharides over mannose. The 
reduction in digestibility is quite drastic, but it is of little importance as mannose makes up less 
than 1% of the diet.  
The purpose of supplementing an arabinoxylan oligosaccharide (AXOS) to HF was to 
elicit a stimbiotic MOA that would promote greater fermentation of TDF and NSP by ileal 
microbiota (González-Ortiz et al., 2019). However, HF+AX did not improve the AID of TDF, 
IDF, or NSP and its constituents compared to HF (P>0.05). This differs from what happens when 
AXOS is supplemented in poultry diets (Bautil et al., 2020; Morgan et al., 2019). It is plausible 
that the AXOS supplemented in HF+AX was fermented further up the small intestine and was 
therefore  unable to modulate the ileal microbiota. Differences in gastrointestinal anatomy, 
particularly the length of their small intestine, may also explain why AXOS is more effective in 
poultry than swine (Moran, 1982).  
Conclusions 
As expected, feeding a corn co-product rich in NSP reduced the AID of dietary fiber. The 
addition of xylanase partially mitigated this effect by improving the digestibility of 
arabinoxylans. Scanning electron microscopy of ileal digesta suggested that xylanase partially 
mitigated the nutrient encapsulation effect of NSP through its hydrolysis of arabinoxylan. Thus, 
exposing to digestive enzymes the starchy vitreous endosperm attached to the pericarp. In 
totality, these data provide in vivo evidence suggestive of the release of trapped nutrients MOA 
of xylanase in pigs fed corn-based diets. These data also imply xylanase could improve the 
bioavailability of otherwise inaccessible nutrients. 
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Table 6.1. Analyzed fiber analysis of dietary treatments. 
1 Low-fiber control (LF) = pigs fed basal corn-soybean diet  
2 High-fiber control (HF) = pigs fed basal corn-soybean diet with 30% corn bran at the expense 
of corn 
3 High-fiber control + Econase XT 25P  (HF+XY)= pigs fed PC diet with Econase 25 P is added 
at 100 g per 1 metric ton of feed 
4 High-fiber control + arabinoxylan-oligosaccharide (HF+AX)= pigs fed PC diet with 
arabinoxylan-oligosaccharide added at 50g per 1 metric ton of feed. 
5 Arabinoxylan = arabinose +xylose  
6 Soluble non-starch polysaccharides= Total non-starch polysaccharides – insoluble non-starch 
polysaccharides 
7 Total dietary fiber= soluble dietary fiber + insoluble dietary fiber 
  
 Diet 
Item LF1 HF2 HF+XY3 HF+AX4 
Total non-starch polysaccharides 6.9 17.6 17.6 17.7 
Arabinose  1.4 3.9 4.0 3.9 
Xylose 1.4 6.2 6.3 6.3 
Mannose 0.2 0.2 0.3 0.2 
Glucose  2.7 5.2 5.1 5.4 
Galactose  1.1 2.0 2.0 1.9 
Arabinoxylan5 2.8 10.2 10.2 10.1 
Arabinose:xylose 0.98 0.63 0.63 0.61 
Insoluble non-starch polysaccharides 6.6 16.7 16.7 16.7 
Arabinose  1.1 3.8 3.9 3.7 
Xylose 1.16 6.0 6.0 6.0 
Mannose 0.12 0.26 0.26 0.24 
Glucose  3.3 4.8 4.4 4.9 
Galactose  0.95 1.9 2.1 1.9 
Arabinoxylan5 2.3 9.7 9.9 9.7 
Arabinose:xylose 0.98 0.64 0.64 0.62 
Soluble non-starch polysaccharides6 0.3 0.9 0.9 1.0 
Total dietary fiber7  11.7 24.9 25.0 25.2 
Insoluble dietary fiber  11.1 23.8 23.9 23.9 




Table 6.2. Effect of treatment1 on the apparent ileal digestibility (AID) of total dietary fiber 
(TDF), total non-starch polysaccharides (Total NSP), and arabinoxylans (AX) 
  Diet Pooled 
SEM 
Treatment  
P-value Item  LF2 HF3 HF+XY4 HF+AX5  
AID, %6        
TDF  46.1a 24.9b 35.9c 23.5b 3.4 <0.001 
Total NSP  32.7a 16.3b 27.1c 16.4b 3.6 0.006 
Arabinose   24.2a 16.3b 36.1c 16.0b 4.8 0.007 
Xylose  16.4a 14.3ab 27.5c 12.0b 4.1 0.043 
Arabinoxylan  18.3a 15.1a 33.0b 14.2a 3.9 0.020 
Mannose  32.7 32.0 14.7 26.1 9.1 0.084 
Glucose   47.8a 16.5b 27.9c 20.4b 3.3 <0.001 
Galactose   25.8 20.0 19.2 14.4 5.0 0.221 
a-cWithin a row, means without a common superscript differ (P  £ 0.05) 
1n = 6 pooled samples per treatment 
2Low-fiber control (LF) = pigs fed basal corn-soybean diet  
3High-fiber control (HF) = pigs fed basal corn-soybean diet with 30% corn bran at the expense 
of corn 
4High-fiber control + Econase XT 25P  (HF+XY)= pigs fed PC diet with Econase 25 P is added 
at 100 g per 1 metric ton of feed 
5High-fiber control + arabinoxylan-oligosaccharide (HF+AX)= pigs fed PC diet with 
arabinoxylan-oligosaccharide added at 50g per 1 metric ton of feed. 
6AID= 100 – {100 × [concentration (g) of CrO3 in diet × concentration (g) of  nutrient in 
digesta]/[concentration (g) of CrO3 in × concentration (g) of nutrient in diet]} 




Table 6.3. Effect of treatment1 on the apparent ileal digestibility (AID) of insoluble dietary fiber 
(IDF), insoluble non-starch polysaccharides (Insoluble NSP), and arabinoxylans (AX) 
  Diet Pooled 
SEM 
Treatment  
P-value Item  LF2 HF3 HF+XY4 HF+AX5  
AID, %6        
IDF   46.8a 24.4b 35.0c 22.3b 3.7 <0.001 
Insoluble NSP  50.0a 21.5b 32.6c 22.4b 4.8 <0.001 
Arabinose   27.9a 18.1b 35.4c 24.6b 5.2 0.026 
Xylose  22.1a 13.9b 33.2c 16.5b 5.4 0.023 
Arabinoxylan  29.8a 15.4b 34.1c 19.6b 5.2 0.022 
Mannose  41.2a 40.8a 18.8b 40.3a 5.8 0.004 
Glucose   62.4a 26.3b 23.3b 20.4b 6.2 <0.001 
Galactose   56.8a 36.4b 36.7b 39.6b 3.5 <0.001 
a-cWithin a row, means without a common superscript differ (P  £ 0.05) 
1n = 6 pooled samples per treatment 
2Low-fiber control (LF) = pigs fed basal corn-soybean diet  
3High-fiber control (HF) = pigs fed basal corn-soybean diet with 30% corn bran at the expense of corn 
4High-fiber control + Econase XT 25P  (HF+XY)= pigs fed PC diet with Econase 25 P is added at 100 g per 1 
metric ton of feed 
5High-fiber control + arabinoxylan-oligosaccharide (HF+AX)= pigs fed PC diet with arabinoxylan-oligosaccharide 
added at 50g per 1 metric ton of feed. 
6AID= 100 – {100 × [concentration (g) of CrO3 in diet × concentration (g) of  nutrient in digesta]/[concentration (g) 
of CrO3 in × concentration (g) of nutrient in diet]} 






Figure 6.1. The FTIR spectroscopy of ileal digesta averaged among treatments and adjusted for 
background noise (A). Feature expressions of the PC loadings from the FTIR spectra (B). Three-































Figure 6.2. Field emission scanning electron microscopy images of corn bran, and ileal digesta from pigs fed HF, HF+XY, and 
HF+AX at 50x, 100x, 200x, and 500x magnification. Representative images per treatment were selected by a non-biased research 






Figure 6.3. Optical confocal microscopy images of corn bran, and ileal digesta from pigs fed 
HF, HF+XY, and HF+AX at 5x, 10x, and 20x magnification. Images of ileal digesta are from the 
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Abstract 
The experimental objective was to evaluate the impact of xylanase over time on viscosity 
and nutrient and energy digestibility in growing pigs fed a diet high in corn-based fiber. Twenty 
gilts (30.6 ± 0.2 kg BW; n=5 per treatment) were surgically fitted with t-cannulae in the medial 
jejunum and in the terminal ileum, housed individually, and randomly assigned to one of four 
dietary treatments: a low-fiber control (LF) with 10.4% total dietary fiber (TDF), a 30% corn 
bran high-fiber control (HF; 26.4% TDF), HF+100 mg xylanase/kg (XY; Econase XT 25P; AB 
Vista, Marlborough, UK), and HF+50 mg arabinoxylan-oligosaccharide/kg (AX). Gilts were 
limit fed for three 17 d periods (P1, P2, P3). Each period included 5 d of adaptation, 2 d of fecal 
collections, 3 d of ileal collections, and 3 d of jejunal collections. Data were analyzed as repeated 
records using a linear mixed model with surgery date as a random effect, and treatment, period, 




among treatments or periods (P>0.10). There was a treatment × period interaction for the 
apparent jejunal digestibility (AJD) of dry matter (DM), gross energy (GE), insoluble dietary 
fiber (IDF), neutral detergent fiber (NDF), and TDF (P≤0.05). This was driven by the response 
to XY and AX . The AJD of DM and GE for XY was lowest among treatments in P1, greater 
than HF but not AX in P2, and XY was intermediate among treatments in P3. In contrast, AX 
increased AJD of DM and GE over XY in P1, greater than HF, but not XY in P2, and was the 
lowest among treatments in P3. For the AJD of NDF, AX performed intermediately among 
treatments in P1; XY increased the AJD of NDF over HF but did not differ from LF or AX in P2; 
and in P3, XY and LF did not differ. A similar response across periods was observed for the AJD 
of IDF and TDF, with the exception of XY having the greatest AJD of IDF and TDF in P3 
(P<0.05). Compared to LF, irrespective of period, HF decreased the apparent ileal digestibility 
(AID) and apparent total tract digestibility (ATTD) of crude protein (CP), IDF, TDF, and NDF 
(P<0.05). Relative to HF, XY partially mitigated this effect, improving the AID of TDF, IDF, 
and NDF, and ATTD of CP, TDF, IDF, and NDF (P<0.05). Increased corn-based fiber decreased 
nutrient and energy digestibility irrespective of time or location, but XY partially mitigated that 
effect in the small intestine when given sufficient adaptation time. 
Introduction 
Recently, there has been an increase in both research on, and supplementation of, 
exogenous enzymes within the swine industry. This increased interest in exogenous enzymes has 
been driven by the success of phytase in monogastric nutrition, and carbohydrase usage within 
the poultry industry. Xylanase is a carbohydrase that facilitates the hydrolysis of arabinoxylans 
and has the potential to improve the utilization of fiber by the pig. Many swine diets contain 
substantial levels of arabinoxylans originating from the cereal grains and industrial co-products 




corn grain and its co-products. Improving the utilization of arabinoxylans from corn may 
increase the contribution of energy from fiber  and mitigate its antinutritive effects, both of 
which would reduce the cost of pork production (Patience and Petry, 2019). However, unlike in 
poultry, the efficacy of xylanase in swine production is highly variable, particularly when 
supplemented in corn-based diets. A recent review of the literature proposes xylanase 
supplementation in corn-based diets seldom improves pig growth performance and is moderately 
successful in increasing fiber digestibility (Petry and Patience, 2020).  
These inconsistencies in digestibility and performance responses have raised questions 
about the mechanism of action of xylanase, and under what conditions is it most effective in 
improving the utilization of fiber. Due to the variability in experimental conditions and designs 
within the current body of literature, it is difficult to isolate under what conditions xylanase is 
most effective. However, adaptation time may be one factor that impacts the efficacy of xylanase 
in swine production (Petry and Patience, 2020). A study by Petry et al., (2020a) found xylanase 
improved the average daily gain and feed efficiency of pigs fed a high fiber corn-based diet, but 
it required between 14 and 27 d to observe a response. Moreover, research by Huntley and 
Patience (2018), observed that xylose retention, a potential release product of xylanase, increased 
with greater adaption time. Adaptation time may also impact the efficacy of xylanase to improve 
the total tract digestibility of nutrients in growing pigs fed corn-based diets (Weiland, 2017). 
However, there is a paucity of studies directly investigating the impact of adaptation time on the 
efficacy of xylanase across the pig’s gastrointestinal tract. The objective of this experiment was 






multiple gastrointestinal locations of growing pigs fed a diet higher in corn-based fiber. It was 
hypothesized that the efficacy of xylanase to improve nutrient and energy digestibility, and 
attenuate digesta viscosity, would improve with increasing adaptation time.  
Materials and Methods 
All experimental procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee (#2-18-8705-S). This experiment adhered to guidelines for the 
ethical and humane use of animals for research according to the Guide for the Care and Use of 
Agricultural Animals in Research and Teaching (FASS, 2010).  
Animals, Housing, and Experimental Design 
Twenty crossbred growing gilts (progeny of Camborough sows × 337 sires; PIC Inc., 
Hendersonville, TN) that were surgically fitted with a simple t-cannula in the terminal ileum and 
another in the medial jejunum were used for this experiment. Pigs underwent the surgical 
procedure described by Petry et al., (2020b); the ileal cannula was placed approximately 10 cm 
cranial to the ileocecal valve and a second t-cannula in the jejunum 240 cm distal from where the 
duodenum is visually posterior to the transverse colon. Gilts were housed in individual pens (1.2 
× 1.5 m) equipped with a nipple waterer, and a half slated concrete floor in an environmentally 
controlled facility. After recovery from surgery, pigs were weighed (30.6 ± 0.2 kg), blocked by d 
of surgical procedure, and randomly allotted to one of four dietary treatments: a low-fiber control 
(LF) with 10.4% total dietary fiber (TDF), a 30% corn bran high-fiber control (HF; 26.4% 
TDF), HF + 100 mg xylanase/kg (XY; Econase XT 25P; AB Vista, Marlborough, UK), and HF 
+ 50 mg arabinoxylan-oligosaccharide/kg (AX; 3-7 degrees of polymerization).  
Corn bran without solubles were added to the LF diet. at the expense of corn for high 
fiber treatments (HF, XY, and AX; Table 1). Similarly, xylanase or the arabinoxylan-




All other ingredients remained constant, and thus, nutrients were allowed to float. This approach 
minimizes the differences in diet composition among treatments, and this reduces the risk of 
confounding experimental outcomes. Concentrations of amino acids, vitamins, and minerals met 
or exceeded the estimated requirement (NRC, 2012). Titanium dioxide (TiO2) was added at 
0.4% as an indigestible marker. All pigs were provided with the same daily amount of feed 
equivalent to 3.2 times the smaintenance ME requirement based on the average of the ME 
content among treatments (NRC, 2012). Daily feed allowance was divided into two equal meals 
given at 0730 and 1630 hours. All diets were manufactured in mash form, and pigs had ad 
libitum access to water. Gilts were limit fed for three 17 d periods (P1, P2, or P3). Each period 
included 5 d of adaptation, 2 d of fecal collections, 3 d of ileal collections, 3 d of jejunal 
collections, and 4 d of rate of passage collections for a related study. At the end of each 
collection period, all pigs were weighed, and daily feed allowance for the next collection period 
was adjusted. Gilts remained on the same dietary treatment for the full course of the experiment 
in order to characterize the impact of treatment over time. 
Sample Collections 
Diet samples were collected at the time of mixing and then thoroughly homogenized and 
carefully subsampled. Fresh fecal subsamples were obtained from each pig via grab sampling. 
Ileal samples were collected by attaching a 207-mL plastic bag (Whirl-Pak; Nasco, Fort 
Atkinson, WI) to the opened cannula with a cable tie. Bags were removed once they were filled 
with digesta or at least every 30 min for 8 h per collection day. A jejunal sample was collected 
once per h for 6 h post feeding. All samples were immediately stored at –20 °C to avoid 
degradation. Prior to being assayed, fecal samples were thawed, homogenized, subsampled, and 
oven-dried in a convection oven at 60°C until a constant weight was reached. Ileal and jejunal 




and fecal subsamples were ground in a Wiley Mill (Variable Speed Digital ED-5 Wiley Mill; 
Thomas Scientific, Swedesboro, NJ) through a 1-mm screen and stored in desiccators to 
maintain a constant dry matter (DM) content. 
Chemical Analytical Methods 
Feed, ileal, and fecal samples were analyzed in duplicate for acid-hydrolyzed ether 
extract (aEE; method 2003.06 of AOAC, 2007), and nitrogen (TruMac; LECO Corp., St. Joseph, 
MI; method 990.03 of AOAC, 2007). An ethylenediaminetetraacetate sample (9.56 ± 0.05% 
nitrogen) was used for standard calibration and crude protein (CP) was calculated as nitrogen × 
6.25. Diet, jejunal digesta, ileal digesta, and fecal samples were analyzed in duplicate for DM 
(method 930.15 of AOAC, 2007), TiO2 (Leone, 1973), and gross energy (GE). An isoperibolic 
bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL) was used to determine GE, and 
benzoic acid (6318 kcal GE/kg; Parr Instrument Co.) was used as the standard for calibration and 
was determined to contain 6321 ± 6 kcal GE/kg. Diet, jejunal digesta, ileal digesta, and fecal 
samples were analyzed for neutral detergent fiber (NDF; Van Soest and Robertson, 1979) and 
for acid detergent fiber (ADF; Goering and Van Soest, 1970). Insoluble dietary fiber (IDF) and 
soluble dietary fiber (SDF) were determined in tandem using the Ankom TDF Dietary Fiber 
Analyzer (AOAC 991.43; AOAC, 2007; Ankom Technology, Macedon, NY). The TDF content 
was calculated as the sum of IDF and SDF.  
Viscosity  
The viscosity of a pooled subsample of jejunal and ileal whole digesta was measured 
using a DV rotational viscometer equipped with a V3 vane mixing spindle (Brookfield, 
Middleboro, MA, USA). Concisely, samples were incubated in a water bath at 90°C for 30 min 
to cease enzyme activity. Samples were then homogenized and cooled to 37°C in a water bath. 




and measured at 0.5, 1, 2, 4, 10, and 20 revolutions per min. Sample temperature was maintained 
at 37°C ± 0.7 to simulate a physiologically relevant impact of temperature on viscosity. Due to 
the non-Newtonian shear-thinning nature of digesta, viscosity was expressed as the exponential 
relationship of the observed shear thinning behavior in Pa·s (Figure 1). 
Scanning Electron Microscopy  
  Scanning electron microscopy (SEM) images depicting the topography of corn 
bran and jejunal and ileal digesta samples from HF, XY, and AX  at each period were captured 
using field-emission SEM at the Roy J. Carter High Resolution Microscopy Facility (Iowa State 
University, Ames, IA). Samples were uniformly mounted on circular aluminum stubs with 
double-sided carbon tape and coated with platinum to a maximum thickness of 8 nm using a 
high-resolution sputter coater adapted with a high-resolution thickness controller (HR 208, 
Cressington Scientific Instruments Ltd, Watford, UK). Samples were examined with an ultra-low 
voltage cold cathode field emission scanning electron microscope (Hitachi S-4800, Hitachi, 
Krefeld, Germany) at a voltage of 10.0 kV. The corresponding treatment and period for a given 
sample was blinded to the technician imaging the samples. Multiple representative pictures were 
captured at 100x magnification, and images were scaled with an associated software (4800 FE-
SEM Hitachi Internal Software, Hitachi; Krefeld, Germany). A representative picture of each 
treatment for each period was selected by a research technician blinded to treatments and 
experimental hypothesis in order to avoid conformation bias in selecting a representative image.  
Calculations and Statistical Analysis 
The apparent jejunal digestibility (AJD), apparent ileal digestibility (AID), and apparent 
total tract digestibility (ATTD) of  nutrients and energy was calculated according to the equation 
of Oresanya et al. (2007).   




#!"#$ = 	& + (!	 + )" + 	(!	)" + *#	 + +!"#$ 
Where #!"#$ is the observed value for a given gilt within the ith level of treatment and jth 
level of period of the kth surgical replicate; µ is the general mean; τ&	 is the fixed effect of the ith 
treatment (i= 1 to 4); υ' is the fixed effect of the jth period (j=1 to 3); τ&	υ' is the interaction term 
of  Treatment × 	Period; ρ(	is the random effect of the kth surgical replicate (k=1 to 6); and e&'() is 
the associated variance as described by the model for Y&'() (l=1 through 5); assuming 
*" 	~340, 	7*+8, 		and e&'(	~3(0, 	:;1	7,+), where I is the identity matrix.  
The PROC UNIVARIATE procedure in SAS 9.3 (SAS Inst., Cary, NC) was used to 
verify normality and homogeneity of the studentized residuals. The aforementioned mixed model 
was analyzed using PROC MIXED. The best fit exponential function for the non-Newtonian 
shear-thinning relationship of jejunal and ileal viscosity was determined and analyzed using the 
drc, nlme, and aomisc packages of RStudio Version 1.2.503 (Free Software Foundation., Boston, 
MA). The best fit exponential function selected using BIC criteria was plotted alongside those 
data. Least square means were separated using Fisher’s Least Significant Difference test, and 
treatment differences were considered significant if P ≤ 0.05 and trends if 0.05 > P ≤ 0.10.  
Results  
For a given variable, when the interaction term was significant, the simple effects of 
treatment are presented. Otherwise, when the interaction term did not reach a level of 
significance, the main effects of treatment are reported. 
Viscosity  
The viscosity of jejunal digesta did not differ among treatments (Fig. 1-A; P =0.194), nor 





not impact the viscosity of ileal digesta (Fig. 1-C; P =0.327 and Fig. 1-D; P =0.171, 
respectively). However, as expected the viscosity of ileal digesta was numerically greater than 
jejunal digesta.  
Apparent Jejunal Digestibility 
There was a significant interaction between treatment and period for the AJD of DM and 
GE (Fig. 2; P =0.048 and P =0.047, respectively). The interaction between treatment and period 
for the AJD of DM and GE was driven largely by the response of XY and AX; the AJD of DM 
and GE for XY was lowest among treatments in P1, greater than HF, but not AX in P2, and XY 
had an intermediate response among treatments in P3. In contrast, AX increased the AJD of DM 
and GE over XY and HF in P1, was greater than HF, but XY in P2, and AX had the lowest AJD 
of DM and GE among treatments in P3. Likewise, the interaction term for treatment by period 
was significant for the AJD of NDF, IDF, and TDF (Fig. 3; P =0.031, P =0.011, and P =0.04, 
respectively). The response of XY and AX across periods drove the interaction for AJD of NDF 
in that AX was intermediate among treatments and XY did not differ from HF in P1. Treatment 
XY increased the AJD of NDF relative to HF but did not differ from LF or AX in P2; in P3, AX 
decreased the AJD of NDF relative to all other treatments. A similar response across periods was 
observed for the AJD of IDF and TDF, with the exception of XY improving the AJD of IDF and 
TDF in P3 above all treatments (P <0.05). The interaction between treatment and period was not 
significant for the AJD of ADF (Fig. 4; P =0.204), but LF increased the AJD of ADF among 
treatments (P =0.006) and the AJD of ADF was greater in P3 than in P1 and P2 (P =0.002).  
Apparent Ileal Digestibility 
There was a significant interaction between treatment and period for the AID of DM and 
GE (Fig. 5; P =0.043 and P =0.05, respectively). The AID of DM and GE were greatest for LF 




LF, but the digestibility coefficients for HF did not differ among periods. In P1 and P2, the AID 
of DM and GE of XY was greater than HF, but not AX. However, in P3, XY increased the AID 
of DM and GE over both HF and AX. There was no significant interaction for treatment by 
period for the AID of CP, aEE, TDF, IDF, NDF, and ADF (P >0.10), and the main effects are 
presented in Table 3. Among treatments, LF increased the AID of CP (P =0.017), and the AID of 
CP did not differ among periods (P =0.92). Similarly, LF increased the AID of aEE (P =0.26), 
and the AID of aEE did not differ among periods (P =0.348). Relative to LF, HF decreased the 
AID of TDF by 23.8%, and XY increased the AID of TDF by 21.7% relative to HF (P <0.01). 
Among periods, the AID of TDF was greater in P2 and P3 than in P1 (P =0.002). Compared to 
LF, HF reduced the AID of IDF by 21.9%, but relative to HF, XY and AX increased the AID of 
IDF by 20.4% and 15.3%, respectively (P <0.001). Similarly, for the AID of NDF, relative to 
LF, HF decreased the AID of NDF, but XY and AX increased the AID of NDF, compared to HF 
(P <0.004). The AID of IDF and NDF was greatest in P3 (P =0.007 and P =0.031, respectively). 
The AID of ADF did not differ among treatments or periods (P >0.20).  
Apparent Total Tract Digestibility 
There was no significant interaction for treatment by period for the ATTD of DM, GE, 
CP, aEE, TDF, IDF, NDF, and ADF (P >0.10), so main effects are presented in Table 4. 
Compared to LF, HF reduced the ATTD of DM by 12.5%, and xylanase partially mitigated this 
effect, increasing the ATTD of DM by 3.7% relative to HF (P <0.001). Similarly, relative to LF, 
HF decreased the ATTD of GE by 12%, and xylanase partially mitigated this effect, increasing 
the ATTD of GE by 4.2% (P < 0.001). Compared to LF, HF reduced the ATTD of CP by 5.2%, 
and relative to HF, XY increased the ATTD of CP by 2.5% relative to HF (P < 0.001). The 
ATTD of DM, GE, and CP did not differ among periods (P=0.103, P=0.216, and P=0.615, 




XY had 6.9% greater ATTD of aEE relative to HF (P=0.033). The ATTD of AEE was lower in 
P2 and P3, relative to P1 (P =0.041). Compared to LF, HF decreased the ATTD of IDF, TDF, 
and NDF by 15.7%, 16.3%, and 15.3%, respectively (P <0.001). However, the addition of 
xylanase to HF increased the ATTD of IDF, TDF, and NDF by 10.6%, 12.7%, and 6.7%, 
respectively (P <0.05). The ATTD of IDF and TDF tended to be greater in P2 and P3 compared 
to P1 (P =0.081 and P =0.085, respectively). Across treatments, LF increased the ATTD of ADF 
(P <0.001), but it did not differ among periods (P =0.569).  
Discussion 
It is well established that fiber is not well utilized by pigs; it commonly exerts an 
antinutritive effect that results in decreased nutrient and energy digestibility and reduced growth 
performance (Agyekum and Nyachoti, 2017). The majority of fiber native to corn grain and its 
co-products is highly insoluble and scantily fermented by resident microbiota (Gutierrez et al., 
2014). This is apparent herein as a 30% addition of corn-bran with solubles, an industrial co-
product high in IDF, decreased the digestibility of nutrients and energy across the gastrointestinal 
tract. The decreased AID and ATTD of nutrients and energy observed in HF, compared to LF, is 
in agreement with other studies evaluating the digestibility of corn and its co-products that are 
rich in IDF (Gutierrez et al., 2013; Acosta et al., 2020). This is likely a product of the increased 
arabinoxylan content in corn bran; corn-based arabinoxylans are poorly fermented by 
gastrointestinal microbiota due to their increased abundance of L-arabinofuranosyl substitutions, 
lignin cross-bridges, and subsequent insolubility (Bach Knudsen, 2014). Moreover, the 
concentration of arabinoxylan among 9 corn co-products best explained the variance in the AID 
of GE and DM in growing pigs (Gutierrez et al., 2014). Likewise, xylose, a constituent of 
arabinoxylan, explained the vast majority of variability observed among the ATTD of GE, DM, 




Both the indigestible nature and abundant concentration of arabinoxylans found in corn 
and its co-products provides a logical motive for supplementing xylanase in swine diets. 
However, the efficacy of xylanase in swine production is highly variable, and there is a poor 
understanding of why it appears to be less effective in corn-based diets relative to other 
arabinoxylan-rich cereal grains and compared to poultry studies (Torres-Pitarch et al., 2019; 
Petry and Patience, 2020). One experimental condition that appears to affect the ability of 
xylanase to improve the growth performance of pigs fed corn-based diets is the length of 
supplementation time (Myers and Patience, 2014; Lan et al., 2017; Petry et al., 2020a). There is a 
paucity of studies directly investigating the impact of adaptation time on the efficacy of 
xylanase. The aim of this experiment was to evaluate the impact of xylanase on viscosity and 
nutrient and energy digestibility over time in multiple gastrointestinal locations of growing pigs 
fed a diet higher in corn-based fiber.  
Arabino-xylooligosaccharides (AXOS) are thought to be one release product from the 
hydrolysis of arabinoxylans by xylanase (Pedersen et al., 2015; Ravn et al., 2017); in poultry, 
directly supplementing them has shown to elicit similar responses to xylanase addition to the diet 
(Morgan et al., 2019; Bautil et al., 2020). Therefore, it was also of interest to investigate the 
impact of directly supplementing AXOS over time in the pig. Directly supplementing AXOS 
appeared to improve the AJD of digestibility of fiber, DM, and GE in P1 and P2, but not in P3. 
The transient response of AX in the upper small intestine is challenging to explain, but it is 
plausible it is due to interactive effects of AXOS with small intestine microbiota. The proposed 
mechanism of action for AXOS is that it improves fiber digestibility by stimulating the growth of 
intestinal microbiota that ferment arabinoxylan more efficiently (Bedford, 2018; Bautil et al., 




conceivably, this occurs more distally as the pig grows. This might explain why AX improves 
the AID of IDF and TDF over HF, irrespective of adaptation time. Further research is warranted 
to better understand the transient effect of AX supplementation and if it exerts similar 
mechanism of action within the pig’s intestine as it does in poultry.  
The interaction between treatment and period for the AJD of DM, GE, TDF, NDF, and 
IDF observed herein suggest that efficacy of xylanase to improve fiber digestibility in the upper 
small intestine increases with a greater adaptation time. The impact of adaption time on the 
efficacy of xylanase to improve AJD of DM, GE, and fiber, but not AID and ATTD, may 
partially explain why digestibility responses are more common within the literature than 
performance responses (Petry and Patience, 2020). The adaption period implemented in 
digestibility studies is frequently less than 10 d; in this study, xylanase improved the AID and 
ATTD of NDF, TDF, and IDF after 7 and 10 d of adaptation, respectively. In contrast, it took 25 
d of adaption for xylanase to yield an AJD response. In theory, if increasing supplementation 
time shifts the action of xylanase into the small intestine, it may improve the absorption of 
monosaccharide release products. This may increase the energy available to be the pig as energy 
derived from carbohydrate fermentation is metabolically less efficient when compared to direct 
absorption and utilization of intake carbohydrates. Moreover, the fermentation of fiber is 
energetically expensive which may increase metabolic heat production, and thus, the 
maintenance energy requirement of the pig (Noblet and Le Goff, 2001; Agyekum and Nyachoti, 
2017). However, it should be noted that it is unclear if the metabolic efficiency of xylose is 
greater when fermented to a short chain fatty acid or metabolized by the pig as a monosaccharide 
(Verstegen et al.,1997; Huntley and Patience, 2018). Furthermore, it is ambiguous if xylanase 




2019). Additional research is needed to determine the composition of release products from the 
enzymatic action of xylanase in the upper small intestine, and the metabolic efficiency by which 
the pig uses them for energy.  
The increased AID of DM, GE, NDF, TDF, and IDF observed in XY are in agreement 
with Passos et al., (2015) who discerned similar results in growing pigs fed a corn diet 
supplemented with xylanase. Likewise, Chen et al., (2020) reported xylanase improved the AID 
of DM, GE, and NDF, but not ADF in nursery pigs fed a diet with a 30% inclusion of corn 
distiller’s dried grains with solubles (DDGS). The improvements in ATTD of DM, GE, and TDF 
also align with a study evaluating the impact of xylanase supplementation with corn samples 
varying in their NDF and ME content (Petry et al., 2019). Conversely, Abelilla and Stein (2019) 
supplemented two different sources of xylanase in both corn and corn DDGS diets, and neither 
improved the apparent duodenal digestibility, AID, and ATTD of similar dietary components.  
There are three commonly proposed mechanisms by which xylanase could improve 
nutrient and energy digestibility. First, it is reasonable to suggest xylanase improves the 
digestibility of fiber through the hydrolysis of arabinoxylan into absorbable components (i.e. 
monosaccharides), or fermentable fragments such as AXOS and low molecular-weight 
polysaccharides (Adeola and Cowieson, 2011). This mode of action would certainly support the 
AJD and AID of TDF, IDF, and NDF observed herein. Moreover, it would provide a more 
fermentable substrate for hindgut microbiota which would support the increased ATTD of DM, 
GE, TDF, IDF, and NDF in XY, compared to HF.  
Second, supplementing xylanase may partially mitigate the nutrient encapsulation effect 
of fiber by exposing nutrients that are otherwise trapped within the plant cell and inaccessible to 




Field emission SEM was used herein to evaluate the topography of corn bran particles identified 
in the jejunal and ileal digesta from pigs fed HF, XY, and AX (Fig. 6 and 7, respectively). The 
representative SEM images of ileal digesta of XY from P2 and P3 provides some visual, but 
unquantifiable, evidence that xylanase disrupts the pericarp structure of bran and may expose 
attached vitreous endosperm to endogenous enzymes. However, the SEM images of jejunal 
digesta provide little intelligible evidence of this occurring in the upper small intestine. The 
improved accessibility of trapped lipid and protein components would also support the 
hypothesis of improved ATTD of CP and aEE by xylanase.   
 Third, xylanase may attenuate the physicochemical properties of fiber that negatively 
impact nutrient digestibility, such as increased digesta viscosity (de Vries et al., 2012). The 
efficacy of xylanase to ameliorate increased digesta viscosity has been attributed to its success in 
poultry production (Raza et al., 2019), but this phenomenon is variable in swine diets (Patience 
et al., 1992; Laerke et al., 2015). Indeed, neither treatment nor period affected jejunal or ileal 
viscosity measurements herein. This is not surprising as corn and its co-products do not from 
viscous gels, and thus, have limited impact on digesta viscosity (Navarro et al., 2018). However, 
this is in opposition to other studies evaluating the viscosity of jejunal digesta from pigs fed 
corn-based diets (Passos et al., 2015; Tiwari et al., 2018; Chen et al., 2020). These conflicting 
results are likely a product of differing methodologies as these studies measured the viscosity of 
digesta supernatant and at a limited number of shear rates. In contrast, herein the viscosity of 
whole digesta was measured because the supernatant is not directly indicative of the rheological 
properties of whole digesta (Takahasi and Sakata, 2004). Digesta also displays pseudoplastic 




decreases (Dikeman and Fahey, 2006). Consequently, when viscosity is measured at one or two 
shear rates it may inadequately depict the profile of rheological properties of digesta.  
Conclusions 
In conclusion, as expected, increasing TDF through the inclusion of corn bran without 
solubles decreased nutrient and energy digestibility across the gastrointestinal tract irrespective 
of adaption time. Supplementing AXOS to HF resulted in a transient improvement in the AJD of 
nutrients and energy, in that digestibility was improved in P1 and P2, but not P3. In contrast, as 
adaptation time increased, XY improved the AJD of nutrients and energy relative to a high fiber 
control. The impact of adaptation time on the efficacy of xylanase’s ability to improve fiber 
digestibility in the upper small intestine may partially explain why increased adaption time 
seems to improve growth performance. However, irrespective of adaptation time, xylanase 
improved the AID and ATTD of TDF, NDF, and IDF. This is likely the result of xylanase 
hydrolyzing arabinoxylan into more digestible or fermentable components, and not a result of 
attenuating digesta viscosity. Moreover, SEM images of ileal digesta and the improved ATTD of 
aEE and CP by xylanase provides support to the notion that this enzyme partially ameliorates the 
nutrient encapsulation effect of fiber. Holistically, these data imply that supplementing xylanase 
over several dietary phases may improve its efficacy in pork production.   
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Table 7.1. Ingredient and nutrient composition of experimental diets (as-fed basis)1 
 Treatment   
Item  LF HF XY AX 
Ingredient composition, %     
Corn 74.035 44.036 44.026 44.031 
Corn bran without solubles  0.000  30.000 30.000 30.000 
Soybean meal  22.347 22.347 22.347 22.347 
Limestone  1.231 1.231 1.231 1.231 
Monocalcium phosphate 21%  0.569 0.569 0.569 0.569 
Sodium  0.500 0.500 0.500 0.500 
TiO2 0.400 0.400 0.400 0.400 
L-lysine HCL 0.322 0.322 0.322 0.322 
Trace Mineral Premix 0.200 0.200 0.200 0.200 
Vitamin Premix  0.250 0.250 0.250 0.250 
L-threonine  0.078 0.078 0.078 0.078 
DL-methionine  0.063 0.063 0.063 0.063 
Quantum Blue, 5G 0.005 0.005 0.005 0.005 
Econase 25 P 0.000 0.000 0.010 0.000 
Arabinoxylan-oligosaccharide4 0.000 0.000 0.000 0.005 
Calculated nutrients     
SID5 Lysine, % 0.98 1.00 1.00 1.00 
SID TSAA6:Lysine 0.56 0.56 0.56 0.56 
SID Threonine: Lysine 0.60 0.60 0.60 0.60 
SID Trpytophan:Lysine 0.17 0.17 0.17 0.17 
Ca, % 0.66 0.65 0.65 0.65 
STTD7 P, % 0.33 0.31 0.31 0.31 
ME, Mcal/kg 3.25 3.01 3.01 3.01 
NE, Mcal/kg 2.45 2.24 2.24 2.24 
1Dietary treatments include a low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of xylanase (XY); HF with the addition of arabinoxylan-oligosaccharide (AX).   
2Vitamin premix provided the following (per kg diet): 6,125 IU of vitamin A; 700 IU of vitamin 
D3; 50 IU of vitamin E; 3 mg of menadione (to provide vitamin K); 11 mg of riboflavin; 27 mg 
of d-pantothenic acid; 0.05mg of vitamin B12, and 56 mg of niacin.  
3Mineral premix provided the following (/kg diet): 165 mg of Fe (ferrous sulfate); 165 mg of Zn 
(zinc sulfate); 39 mg of Mn (manganese sulfate); 16.5 mg of Cu (copper sulfate); 0.3 mg of I 
(calcium iodate); 0.3 mg of Se (sodium selenite) 
43-7 degrees of polymerization 
5SID = standard ileal digestible 
6TSAA = total sulfur amino acids (Met + Cys) 





Table 7.2. Analyzed composition of experimental diets (as-fed basis)1 
1Dietary treatments include a low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of xylanase (XY); HF with the addition of arabinoxylan-oligosaccharide (AX).   
  
 Treatment   
Item  LF HF XY AX 
Analyzed composition,%     
Dry matter 88.1 86.2 86.8 87.1 
Crude protein 15.3 14.8 14.7 14.8 
Acid hydrolyzed ether extract 3.3 2.8 2.6 2.6 
Total dietary fiber  10.4 26.4 27.1 27.0 
Insoluble dietary fiber 9.8 25.4 26.0 25.9 
Soluble dietary fiber 0.6 1.0 1.1 1.1 
Neutral detergent fiber  7.3 23.4 23.5 23.4 




Table 7.3. The main effects1 of diet and period on the AID of CP, aEE, TDF, IDF, NDF, and 
ADF. 
1No significant interaction between treatment and period (P >0.10).  
2Dietary treatments include a low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of xylanase (XY); HF with the addition of arabinoxylan-oligosaccharide (AX).   
3Pooled SEM  
4Trt = treatment  
5Apparent ileal digestibility = {100 – [100 × (% TiO2 in feed / % TiO2 in ileal digesta) × 
(concentration of component in ileal digesta / concentration of component in feed)]}. 
a-c Within a row, means without a common superscript differ for the effect of treatment (P  £ 
0.05) 
x-y Within a row, means without a common superscript differ for the effect of period (P  £ 0.05) 
  





P-value Item LF HF XY AX   1 2 3 
AID5, %            
CP 79.4a 76.6b 77.1b 76.4b  77.3 77.5 77.4 0.9 0.017 0.920 
aEE 64.9a 60.8b 62.1b 61.8b  62.1 61.5 63.8 1.4 0.026 0.348 
TDF 39.1a 29.8b 36.3c 32.5b  32.6x 36.4y 37.1y 2.7 <0.001 0.022 
IDF 37.6a 29.4b 35.4c 33.9c  33.4x 34.6x 35.4y 1.8 <0.001 0.007 
NDF 34.4a 26.1b 32.0c 31.6c  30.6
x 31.9x 32.7y 2.1 0.004 0.031 




Table 7.4. The main effects1 of diet and period on the ATTD of DM, GE, CP, aEE, TDF, IDF, 
NDF, and ADF. 
1No significant interaction between treatment and period (P >0.10).  
2Dietary treatments include a low-fiber control (LF) = basal corn-soybean diet; high-fiber control 
(HF) = basal corn-soybean diet with 30% corn bran at the expense of corn; HF with the addition 
of xylanase (XY); HF with the addition of arabinoxylan-oligosaccharide (AX).   
3Pooled SEM  
4Trt = treatment  
5Apparent total tract digestibility = {100 – [100 × (% TiO2 in feed / % TiO2 in feces) × 
(concentration of component in feces / concentration of component in feed)]}. 
a-c Within a row, means without a common superscript differ for the effect of treatment (P  £ 
0.05) 
x-y Within a row, means without a common superscript differ for the effect of period (P  £ 0.05) 
  





P-value Item LF HF XY AX   1 2 3 
ATTD5, %            
DM 89.8a 78.6b 81.5c 78.3b  80.5 81.2 82.2 0.7 <0.001 0.103 
GE 89.3a 78.4b 81.8c 78.7b  81.2 82.1 82.6 0.4 <0.001 0.216 
CP 87.1a 82.6b 84.7c 82.1b  84.1 84.1 84.2 0.5 <0.001 0.615 
AEE 58.4a 50.9b 54.7c 52.1b  56.9x 53.1y 52.9y 1.9 0.033 0.041 
IDF 45.2a 38.1b 42.6c 37.9b  39.7 41.3 42.7 1.1 <0.001 0.081 
TDF 50.9a 42.6b 44.4c 42.1b  44.4 45.1 46.2 1.0 <0.001 0.085 
NDF 44.8a 37.8b 41.8c 37.4b  39.3 40.6 41.5 1.2 <0.001 0.102 





Figure 7.1. The relationship between viscosity measured at a given shear rate for jejunal and 
ileal digesta: A) The impact of treatment on the viscosity of jejunal digesta; B) The effect of 
period on the viscosity of jejunal digesta; C) The impact of treat on the viscosity of ileal digesta; 


























Figure 7.6. Field emission scanning electron microscopy images (100x) of corn bran, and jejunal 
digesta from pigs fed HF, XY, and AX in P1, P2, and P3. Representative images were selected 





Figure 7.7. Field emission scanning electron microscopy images (100x) of corn bran, and ileal 
digesta from pigs fed HF, XY, and AX in P1, P2, and P3. Representative images were selected 





 INTEGRATIVE SUMMARY 
Introduction 
Satisfying the dietary energy specification of a swine diet accounts for greater than 60% 
of the cost of pork production. In addition to its expense, dietary energy impacts both the rate of 
growth and feed efficiency of the pig. The drive to lower this cost has motivated the swine 
industry to use more high fiber co-products since they are frequently cost effective. This has 
presented a challenge to nutritionists and producers to maintain efficient, consistent, and 
economical pork production while feeding a diet with increased levels of a component that 
contributes little to dietary energy (i.e. fiber). On the other hand, fiber can be a potent modulator 
of gastrointestinal health, but because the fiber intrinsic to many co-products is insoluble and 
poorly fermentable this effect is limited. Exogenous carbohydrases may be the key to improving 
both the contribution of insoluble fiber to energy, and its ability to modulate gastrointestinal 
microbiota and health.   
 For decades, scientists have investigated including exogenous enzymes in the diet as 
potential solutions to improving the bioavailability of indigestible components. Indeed, 
improving phosphorus availability by supplementing phytase has been a game changer in 
monogastric nutrition. In contrast, supplementing xylanase to improve the utilization of corn-
based arabinoxylans (AX), and mitigate its antinutritive effects, has resulted in inconsistent 
outcomes. The hydrolysis of AX by xylanase, in theory, should increase fiber and energy 
digestibility, and ultimately improve pig performance, specifically feed efficiency. There is 
incongruity among these responses within the literature. In an unexpected twist, xylanase 
consistently improves pig livability in commercial production. The variable efficacy of xylanase 




question its MOA. The MOA of xylanase has been predominantly investigated under in vitro 
conditions, or in poultry and swine fed wheat-based diets. Therefore, the overall objective of this 
dissertation work was to elucidate a MOA of xylanase in pigs fed corn-based fiber. More 
specifically, this dissertation aimed to investigate the following hypothesized MOA of xylanase:  
1. Xylanase hydrolyzes AX into metabolizable and/or fermentable components thus 
improving the energetic contribution of insoluble NSP 
2. Xylanase ameliorates the nutrient encapsulation effect of NSP improving the 
bioavailability of inaccessible nutrients. (de-encapsulation effect) 
3. Xylanase attenuates the negative effects of NSP physicochemical properties 
4. Xylanase primes gastrointestinal microbiota to ferment fiber beyond the 
fermentation of potentially released arabinoxylan-oligosaccharides (AXOS) alone 
(stimbiotic MOA) 
5. Xylanase release products modulate gastrointestinal microbiota in a manner that 
confers a health benefit (prebiotic MOA) 
Chapters 2-6 investigated these MOA utilizing one cohesive experiment, and Chapter 7 
evaluated the impact of adaptation time on the efficacy of xylanase. When these data are viewed 
holistically with the literature in mind, a MOA of xylanase evolves, and will be the focus of this 
integrative summary.  
A Proposed Mechanism of Action for Xylanase in the presence of Corn-based AX  
First, in order for xylanase to impact the phenotype of the pig it must hydrolyze the β-(1-
4) glycosidic bonds of corn-based AX (Figure 8.1). Biochemically, this occurs through a double 
displacement retention mechanism within the catalytic site of xylanase (Bhardwaj et al., 2019). 
This is central to the success of xylanase supplementation as all other MOA rely on this catalytic 
action. The improvements in fiber digestibility observed in Chapters 3 and 6, specifically the 
increase in the AID of AX, support this essential concept. Moreover, Chapter 7 suggests that 




the small intestine. This could be crucial to how the release products from the enzymatic reaction 
of xylanase are used by the pig or its gastrointestinal microbiota. The products released in vivo 
from the enzymatic reaction of xylanase on corn-based AX have yet to be fully characterized. In 
vitro research with corn-based AX suggest xylanase releases some xylose and xylobiose (Dale et 
al., 2019); xylo-oligosaccharides, feruloylated-xylo-oligosaccharides, and AXOS with varying 
degrees of polymerization and substitution patterns (Katapodis et al., 2008; Samanta et al., 
2012); and low molecular weight AX with varying solubilities (Pedersen et al., 2015). 
In Chapter 2, the increased urine GE observed in pigs fed xylanase suggest some xylose 
was likely released within the small intestine, and potentially absorbed by the pig. Xylose can be 
absorbed by enterocytes, although the absorptive mechanism is still largely unknown, and then 
transported from the serosal side of the enterocyte to the systemic circulation via the portal vein 
(Huntley and Patience, 2018a). From there, xylose can be excreted by the renal system or 
metabolized via the pentose phosphate pathway into threitol, xylitol, xylulose, or xylonic acid 
(Huntley and Patience, 2018b). For hexoses, direct absorption and oxidation is the most efficient 
means of transforming energy into a biological currency able to perform work (i.e. ATP), but 
pentoses may be more energetically valuable if fermented (Huntley and Patience 2018b; Abelilla 
and Stein, 2019). The increase in excretion of energy via the urine caused by xylanase 
supplementation did not impact its efficacy to increase the ME value of the diet. This may 
indicate that xylose release and subsequent absorption was limited, or because of the adaptation 
time, the retention of xylose in the pig was improved (Huntley and Patience, 2018b). 
Due to the random catalytic nature of xylanase, and the structural complexity of corn-
based AX, the release of oligosaccharides and low to high molecular weight AX is more 




3 by the increase in NDF disappearance and acetate production in the cecum, and butyrate 
production in the proximal colon. The improved fermentation of insoluble AX would help to 
explain the improved ME, ADG, and G:F observed in Chapter 2, but the magnitude of fiber 
fermentation in Chapter 3 raises questions if this could be solely due to the inherent action of 
xylanase. A further investigation into the cecal and colonic microbiome in Chapter 5 suggest that 
xylanase may prime the microbiome to ferment fiber beyond the fermentation of AXOS alone. 
This has been termed a stimbiotic MOA in that xylanase may ‘stimulate’ an upregulation of 
microbial communities with a greater capacity to ferment fiber (Figure 8.2). When Chapter 3 and 
4 data are viewed collectively, it appears the products released in the small intestine enter into 
the cecum and serve as fermentable substrates for microbiota, resulting in increased SCFA 
production and microbial diversity and richness. Moreover, compared to the high-fiber control, 
xylanase increased predicted genes of microbial enzymes associated with pentose metabolism 
and AX degradation, and the abundance of several microbial taxa known to ferment NSP in the 
large intestine. Collectively, these data provide the first evidence of xylanase elucidating a 
stimbiotic MOA in the pig.  
When the microbiota findings of Chapter 4 are viewed in conjunction with the results of 
Chapter 2, it appears the release products of xylanase elicit a ‘prebiotic-like’ MOA in the ileum. 
In both the ileum and large intestine, xylanase increased the prevalence of the microbial triad: 
Bifidobacterium, Lactobacillus, and Faecalibacterium. These three microbial taxa are known to 
facilitate a symbiotic cross-feeding on oligosaccharides derived from AX that improves SCFA 
production (Figure 8.3). Several Lactobacillus spp. are able to depolymerize and metabolize 
more complex AXOS to produce shorter AXOS, lactate, and acetate (McLaughlin et al., 2015). 




metabolize pentoses to acetate through their bifid shunt pathway (Rivière et al., 2016). This 
symbiotic cross-feeding mechanism is anchored by the upregulation of Faecalibacterium, whose 
sole known species is Faecalibacterium prausnitzii. The increase in Faecalibacterium 
prausnitzii is likely a result of cross-feeding on the acetate produced by Lactobacillus and 
Bifidobacterium as Faecalibacterium cannot metabolize pentoses and grow poorly on 
carbohydrate media alone (Falony et al., 2006). 
Faecalibacterium prausnitzii converts acetate to butyrate and is associated with 
improving gastrointestinal health (Miquel et al., 2013). An increased butyrate gradient near the 
ileal mucosa, due to mucosal-associated Faecalibacterium prausnitzii, may explain the increased 
mRNA abundance of tight junction proteins in Chapter 2. Butyrate can mediate gut barrier 
integrity through the induction of genes encoding tight junction proteins by activating or 
repressing transcription factors through cell signaling cascades (Parada Venegas et al., 2019). 
Moreover, feruloylated AXOS can increase the proliferation of Bifidobacterium spp.; these 
species have the metabolic capacity to release ferulic acid, a potent antioxidant (Yuan et al., 
2005). Increasing ferulic acid bioavailability may explain the improved total antioxidant capacity 
and decreased circulating malondialdehyde observed in Chapter 2. Putting the upregulation of 
Bifidobacterium, Lactobacillus, and Faecalibacterium in the ileum into perspective with the 
enhanced antioxidant capacity and gut barrier integrity, it appears xylanase elicits a prebiotic 
MOA by releasing a substrate that is selectively utilized by host microorganisms conferring a 
health benefit (Gibson et al., 2017). This may explain the underlying mechanism on how 
xylanase supplementation reduces mortality and morbidity in grow-finish pig production. 
However, directly supplementing AXOS herein did not elicit a similar response, and begs the 




Conversely, to understanding what xylanase release products carry out in vivo, Chapter 6 
investigated what remains of the substrate after the enzymatic reaction. The SEM imaging of 
ileal digesta, in conjunction with improvements in AID and ATTD of CP, ADF, and aEE 
(Chapters 3 and 7), suggest xylanase improved the bioavailability of otherwise inaccessible 
nutrients within the fiber matrix. This may also partially explain the improved ME, ADG, and 
G:F in Chapter 2. However, it was hypothesized that increased nutrient digestibility could be a 
result of attenuating the negative effects of increased digesta viscosity. The viscosity 
measurements conducted in Chapter 3 and 7 reject this hypothesis, and suggest it is likely not a 
MOA of xylanase in diets with corn-based AX. This is not surprising as corn-based AX is highly 
insoluble and does not form viscous gels, but rather decreases nutrient and energy digestibility 
by increasing the rate of passage of digesta and diluting digestible components (Agyekum and 
Nyachoti, 2017). 
In summary, these data suggest xylanase improves the energetic contribution of fiber 
through the hydrolysis of the β-(1-4) glycosidic bonds of AX and the release of metabolizable 
and fermentable components. These release products modulate microbial taxa to more efficiently 
ferment fiber (stimbiotic MOA), and their metabolites confer a health benefit as well (prebiotic 
MOA). After xylanase hydrolyzes AX, the intracellular contents within the plant cell are 
exposed, and thus, their bioavailability is improved (de-encapsulation MOA). Ultimately, these 
attributes of the MOA of xylanase improve the feed efficiency and health of the pig.  
Recommendations for Future Research 
A complete characterization of what is released in vivo by xylanase when supplemented 
with corn-based AX is clearly needed. The MOA investigated herein rely on the hydrolysis of 
AX by xylanase to some extent. Fiber digestibility measures provide logical evidence this occurs 




modulate microbiota. This will also increase our understanding of xylanase’s impact on the 
contribution of fiber to energy. Characterizing these potential release products is analytically 
challenging, and current methodology lacks precision. The recent advancements in 
chromatography, particularly High-Performance Anion-Exchange Chromatography with Pulsed 
Amperometric Detection, provides optimism that this will become analytically possible in the 
near future.  
Similar research as conducted herein is warranted for other corn co-products, particularly 
those that have been pre-exposed to microbial fermentation (i.e. DDGS). Targeted co-
supplementation of other exogenous enzymes, such as proteases, may improve the efficacy of 
xylanase when supplemented with corn-based AX and warrants further investigation. Likewise, 
studying the efficacy of xylanase in the presence of other accessory enzymes, such as ferulic acid 
esterase and α-arabinofuranosidases, may also be insightful. However, the complete 
saccharification of AX in vivo is likely unachievable and depending on what the true energetic 
efficiency of xylose is, could be counterintuitive as it relates to improving the energetic 
contribution of fiber.  
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1) Xylanase hydrolyzes the β-(1-4) glycosidic bonds of corn-based arabinoxylan (AX) through a double 
displacement mechanism releasing arabinoxyloligosaccharides (AXOS), xylo-oligosaccharides (XOS), and low 
molecular weight AX (LMWAX); 2) These release products stimulate the proliferation of microbial taxa capable of 
metabolizing AX; 3) Some of the modulated microbial taxa produce their own AX degrading enzymes improving 
the degradation of AX and increasing fiber digestibility; 4) Microbial communities with greater metabolic potential 
for pentose metabolism are upregulated by xylanase release products; 5) Increased microbial pentose metabolism 
favors the production of short chain fatty acids, particularly acetate and lactate.  







1) Xylanase hydrolyzes the β-(1-4) glycosidic bonds of corn-based AX releasing AXOS, XOS, and LMWAX. 2) 
These release products stimulate the proliferation of Lactobacillus and AX degrading microbial communities; 3) 
Lactobacillus taxa metabolize large AXOS and LMWAX releasing acetate, lactate, and shorter AXOS and XOS; 4) 
Lactate is consumed by other microbial taxa to produce butyrate; 5) Bifidobacterium can metabolize short AXOS and 
XOS into acetate; 6) Faecalibacterium metabolize the produced acetate and release butyrate; 7) Certain 
Bifidobacterium species produce ferulic acid esterase and can release ferulic acid from feruloylated AXOS; 8) Butyrate 
is largely transported across the intestinal epithelium via monocarboxylate transporters and can contribute to energy 
or invoke cell signaling transduction; 9) Acetate is mainly transported through the intestinal epithelium via 
monocarboxylate transporters and can contribute to energy or modulate gastrointestinal barrier integrity; 10) Ferulic 
acid can be passively diffused and contribute to localized or systemic antioxidant capacity.  
Figure 8.3. Illustration of the cooperative microbial metabolism elicited by xylanase 
supplementation with corn-based fiber 
